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HIS  BULLETIN  is  the  first  one  of  a  series  of  bulletins 
to  be  published  by  the  University  of  Illinois  Engi- 
neering-Experiment Station.  The  Engineering  Ex- 
periment Station  was  established  by  action  of  the 
Board  of  Trustees  December  8, 1903.  It  is  the  purpose  of  the 
Station  to  carry  on  investigations  along  various  lines  of  en- 
gineering and  to  study  problems  of  importance  to  prof  essional 
engineers  and  to  manufacturing,  railway,  constructional  and 
industrial  interests  of  the  state.  The  laboratories  of  the  Col- 
lege of  Engineering  are  being  equipped  with  additional  ap- 
paratus and  facilities  to  further  such  research  work,  It  is 
believed  that  this  experimental  work  will  result  in  contribu- 
tions of  value  to  engineering  science  and  that  the  presence 
of  such  investigations  will  give  inspiration  to  students  and 
add  efficiency  to  the  College  of  Engineering, 

The  Board  of  Direction  of  the  Engineering  Experiment 
Station  consists  of  the  Dean  and  six  professors  in  the  College 
of  Engineering.  The  investigations  are  to  be  made  under 
the  supervision  of  the  professor  in  charge  of  each  laboratory. 
For  copies  of  this  bulletin  and  for  further  information  address 
the  Board  of  Direction  of  the  Engineering  Experiment  Station, 
Urbana,  Illinois, 


university  of  illinois 
Engineering  Experiment  Station 

Bulletin  No.  1.  September  1904. 

TESTS  OF  REINFORCED  CONCRETE  BEAMS. 

By   Arthur   N.  Talbot,  Professor  of  Municipal  and  Sanitary  Engin- 
:       BERING,  IN  Charge  of  Theoretical  and  Applied  Mechanics. 

Reinforced  concrete,  concrete-steel,  and  armored  concrete  are 
terms  given  to  a  construction  composed  principally  of  concrete 
and  having  a  small  amount  of  metal  so  embedded  as  to  take  the 
principal  tensile  stresses  and  perhaps  the  secondary  tensile  and 
shearing  stresses  developed.  As  the  strength  of  concrete  in  com- 
pression is  several  times  its  strength  in  tension,  and  as  plain  con- 
crete breaks  in  tension  without  warning,;  the  addition  of  the  metal 
corrects  a  deficiency  of  plain  concrete,  and  the  combination  forms 
a  structure  which  has  many  important  applications  in  engineering 
and  architectural  construction.  With  the  development  of  the 
Portland  cement  industry  and  the  rapid  extension  of  the  use  of 
concrete,  it  is  not  strange  that  reinforced  concrete  has  come  into 
favor  and  that  its  use  in  buildings,  arches,  and  foundations  has 
grown  rapidly.  The  advantages  oifered  by  reinforced  concrete  for 
many  lines  of  construction  are  quite  apparent,  but  conservative 
engineers  and  architects  have  been  somewhat  reluctant  to  employ 
it  because  of  the  feeling  that  the  principles  governing  its  strength 
and  action  have  not  been  well  established. 

Many  tests  have  been  made  on  reinforced  concrete  and  con- 
siderable valuable  information  is  available.  However,  such  data 
are  scattered  widely  through  various  engineering  publications  and 
the  results  are  not  altogether  consistent.     Some  of  these  tests  were 
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made  to  find  the  effect  of  using  special  forms  of  reinforcement, 
others  to  get  results  for  special  construction.  Many  of  the  beams 
tested,  although  giving  results  of  value  for  the  comparison  of  cer- 
tain properties,  were  altogether  too  small  for  the  determination 
of  constants  for  full  sized  beams  and  such  results  may  even  be 
misleading  when  applied  to  the  establishment  of  principles  where 
size  affects  relative  properties.  Many  tests  giving  only  breaking 
loads  are  useless  for  establishing  principles.  Considering  the  vari- 
ety of  aims  and  of  methods  of  experiment  and  the  common  effort 
to  adjust  data  to  various  theoretical  analyses,  it  is  not  strange 
that  engineers  hold  conflicting  opinions  and  that  discordant  data 
and  divergent  theories  are  presented. 

The  investigation  herein  described  was  undertaken  with  the 
hope  of  adding  somewhat  to  the  knowledge  of  reinforced  concrete 
and  of  helping  to  uncover  the  field  for  future  experimentation. 
The  tests  were  made  in  the  Laboratory  of  Applied  Mechanics  of 
the  University  of  Illinois.  In  addition  to  the  experiments  on 
reinforced  concrete  beams,  tests  were  conducted  on  concrete  beams, 
on  bond  of  steel  and  concrete,  and  on  the  elasticity  and  strength 
of  concrete  in  tension  and  compression  along  lines  which  promised 
to  have  a  bearing  upon  the  properties  of  reinforced  concrete 
beams.  The  work  was  done  principally  as  thesis  work.  The  data 
have  now  been  worked  over  and  the  calculations  checked,  new 
drawings  made,  and  results  more  fully  studied  and  discussed.  The 
thesis  on  Flexure  of  Plain  and  Reinforced  Concrete  Beams  was 
presented  by  Messrs.  R.  V.  Engstrom,  F.  E.  Mills,  S.  D.  Brown, 
and  R.  J.  Blackburn,  of  the  class  of  1904.  The  thesis  on  Adhesive 
Bond  of  Concrete  and  Steel  was  presented  by  J.  W.  Davis,  of  the 
class  of  1904.  The  work  on  the  elasticity  and  strength  of  concrete 
in  tension  and  compression  is  being  carried  on  by  R.  H.  Slocum, 
Instructor  in  Theoretical  and  Applied  Mechanics,  as  graduate 
work. 

The  work  on  elasticity  and  strength  of  concrete  in  tension 
and  compression  may  be  said  to  be  only  fairly  begun  and  the 
results  obtained  are  of  value  principally  in  outlining  further  in- 
vestigation along  this  line.  The  tests  on  bond  of  steel  and  con- 
crete were  planned  to  cover  only  a  limited  field,  but  they  have  an 
important  bearing  on  certain  disputed  points  in  the  design  of  re- 
inforced concrete  beams.  The  modulus  of  rupture,  coeflicient  of 
elasticity,  deformation  of  fiber,  and  general  behavior  of  the  plain 
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concrete  beams  throw  light  upon  the  action  of  reinforced  concrete 
beams. 

It  was  considered  best  to  restrict  the  scope  of  the  investigation 
of  reinforced  concrete  beams  to  a  few  elementary  matters  and  thus 
reduce  the  number  of  variables  low  enough  to  enable  conclusions 
to  be  drawn.  Simple  beams  with  one  method  of  loading ;  concrete 
of  one  mixture  and  one  consistency ;  generally  a  single  size  of  test 
beam ;  a  single  age  for  testing,  and  this  sufficient  to  reduce  varia- 
tions from  effect  of  differences  of  moisture  and  temperature  to  a 
small  amount;  precautions  against  failure  by  shearing  and  sec- 
ondary stresses, — these  went  to  help  satisfy  this  requirement.lt  was 
also  considered  wise  to  use  beams  larger  than  the  usual  test  beam 
and  thus  get  a  better  basis  for  measurement  and  more  nearly 
approach  working  conditions.  The  large  size  chosen  reduced  the 
number  of  beams  which  could  be  tested,  since  there  was  a  limita- 
tion to  materials,  floor  space,  and  time,  but  this  was  more  than 
made  up  by  the  uniformity  of  the  beams  and  the  reliability  of  in- 
dividual results.  Some  of  the  variations  in  conditions  were  put 
out  as  feelers,  rather  than  with  the  expectation  of  making  final 
determinations. 

In  planning  the  series  of  tests  of  beams  it  was  felt  that  a 
determination  of  the  following  matters  would  be  of  value : 
1.  The  general  action  of  the  beam  during  the  progress  of  the 
loading  and  the  method  of  its  final  failure.  2.  The  deformations 
and  so  far  as  possible  the  stresses  in  the  metal  reinforcement,  the 
deformations  in  the  concrete,  and  the  conditions  at  the  maxi- 
mum load  taken  by  the  beam.  3.  The  effect  of  the  form  of  the 
reinforcing  bar.  4.  The  effect  of  the  amount  of  reinforcement. 
5.  The  position  of  the  neutral  axis  and  the  measure  of  the  resist- 
ing moment  of  the  beam.  It  was  anticipated  that  some  of  the 
beams  might  fail  in  the  manner  frequently  called  shear.  In  an 
effort  to  avoid  this  the  reinforcing  bars  in  a  part  of  the  beams  were 
bent  upward  at  their  ends,  but  no  special  investigation  of  the 
effect  of  this  arrangement  was  made  and  no  beams  failed  by  shear. 

Twenty-two  reinforced  concrete  beams  were  tested.  All  but 
one  of  these  had  the  dimensions:  length  15  ft.  4  in.,  breadth  12 
in.,  depth  13^  in.,  center  of  metal  reinforcement  12  in.  below  top 
surface  of  beam.  The  span  length  was  14  ft.  The  .load  was  ap- 
plied at  the  one-third  points  of  the  beam.  Deflections  of  the 
beam    and  elongation  and  shortening  between  points  near  the 
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lower  and  upper  surfaces  were  observed.  Loads  were  in  some 
cases  added  continuously,  and  in  others  released  at  partial  load- 
ing and  reapplied. 

The  following  division  will  be  made :  I.  Materials.  II. 
Test  Pieces.  III.  Details  of  Tests.  IV.  Experimental  Data.  V. 
Discussion.  The  diagrams  showing  graphically  the  results  of  the 
tests  of  reinforced  concrete  beams  and  the  tables  giving  detailed 
observations  follow  the  text. 

I,  Materials. 

In  order  that  the  materials  should  not  differ  from  materials 
used  in  general  practice,  the  stone,  sand,  cement,  and  plain  re- 
inforcing bars  were  purchased  in  the  open  market.  The  patented 
bars  were  furnished  through  the  courtesy  of  companies  in  control 
of  them. 

Stone. — The  stone  was  a  good  quality  of  screened  limestone 
from  Kankakee,  Illinois,  ordered  to  pass  a  l^-in.  screen  and  to  be 
retained  on  a  |-in.  screen.  Table  1  shows  the  proportion  of  sizes 
determined  from  two  samples  of  15  lb.  each.  It  weighed  85  lb. 
per  cu.  ft.  loose  and  contained  44  per  cent,  voids.  In  the  determi- 

TABLE  1. 
Analysis  of  Stone. 


Diameter  of 
mesh,  inches 

Amount 

retained 

lb. 

Per  cent 
passing 

2 

1 

1 

i 

No.  10  sieve . 
Dust 

0 

2.60 

8.45 

3.00 

.60 

.35 

100.0 

82.7 

26.3 

6.3 

2.3 

nation  of  the  proportion  of  voids  in  both  stone  and  sand,  the  ma- 
terial was  poured  slowly  into  the  water  so  that  the  voids  became 
filled  with  water,  and  no  air  was  entangled. 

Sand. — The  sand  was  of  good  quality  and  came  from  the  Wa- 
bash river  at  Attica,  Indiana.  It  was  sharp  and  well  graded  in 
size  and  was  fairly  clean,  containing  about 3  per  cent.  clay.  It 
had  29  per  cent,  voids  and  weighed  115  lb.  per  cu.  ft.  loose. 
Table  2  gives  the  average  results  of  mechanical  analysis  of  two 
samples. 
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TABLE  2. 

Analysis  of  Sand. 


Sieve  No. 

Dia.  mesh 

Per  cent. 

mm. 

passing. 

4 

100.0 

10 

2.46 

79.8 

20 

1.023 

54.5 

50 

.492 

17.1 

74 

.288 

6.0 

100 

2.0 

Cement. — Chicago  AA  Portland  cement  was  used.  Table  3 
gives  the  tensile  strength  of  both  neat  cement  and  1 :  3  mortar  for 
ages  of  7  and  60  days.  The  briquettes  were  thumb-rammed  and 
were  stored  in  damp  air  for  one  day  and  under  water  for  the  rest 
of  the  time. 

TABLE  3. 
Tensile  Strength  of  Cement. 


Ref. 

Ultimate  Strength,  lb.  per  sq.  in. 

Age  7  days 

Age  60  days 

No. 

Neat 

1:3  Mortar 

Neat 

1 : 3  Mortar 

1 
2 
3 
4 
5 
6 

660 
730 
810 
900 
745 
695 

280 
235 
245 
220 
200 
215 

600 
715 
740 

870 
845 
960 

375 
380 
430 
445 
410 
360 

Av. 

756 

233 

755 

400 

Concrete.— V{j  was  not  deemed  best  to  use  a  very  rich  concrete. 
Uniformity  was  the  quality  most  desired;  a  man  skilled  in  mak- 
ing concrete  assisted  in  the  work ;  and  great  care  was  taken  in 
the  measuring,  mixing  and  tamping  to  produce  a  concrete  as 
nearly  uniform  as  possible.  A  preliminary  sample  of  1 : 3 :  6  con- 
crete, exfamined  a  few  days  after  making,  seemed  so  satisfactory 
that  this  proportion  was  adopted.  With  this  proportion  and  these 
materials  the  voids  in  the  broken  stone  were  somewhat  more  than 
filled  with  mortar.  All  materials  were  measured  by  loose 
volume;  one'  sack  of  cement,  weighing  95  lb.,  measured  1^ 
cu.  ft.  loose,  which  was  adopted  as  the  unit  of  measure.  The 
mixing  was  done  with  shovels  by  hand.  The  sand  and  cement 
were  first  mixed  dry ;  the  stone  was  added  and  turned  several 
times,  after  which  the  water  was  added  and  the  mass  mixed  until 
uniform  in  appearance.      A  moderately  wet  concrete  was  used. 
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such  that  water  flushed  to  the  surface  under  light  tamping.  Six 
6-in.  concrete  cubes,  stored  in  water  after  one  day,  gave  an  aver- 
age crushing  strength  of  2030  lb.  per  sq.  in.  at  60  days.  Wher- 
ever the  concrete  broke  in  tension,  it  did  so  by  breaking  through 
the  pieces  of  aggregate  and  not  around  them. 

Metal. — The  reinforcement  used  consisted  of  plain  square, 
plain  round,  Thacher,  Kahn,  Johnson,  and  Ransome  bars. 

The  plain  bars  used  were  of  three  sizes,  -|  in.  and  f  in.  square, 
and  ^  in.  round.  The  actual  sections  corresponded  closely  to 
the  nominal  ones.  The  elastic  limit  was  33000  to  35000  lb.  per  sq. 
in.  Some  of  the  rods  used  in  the  test  of  bond  of  steel  and  con- 
crete were  of  higher  elastic  limit. 

r^^w  """^g^^ ' " '  ~:^^  "^^^  Thacher  bar  is  shown  in  Fig.  1. 
\\  ^^^  III  ^ffMr  J3M/  rjij^g  nominal  diameter  of  the  one  size 
Fig.  1. — Thacher  Bar.      used  was  f  in.   and  the  actual  average 

area  was  0.40  sq.  in.     The  metal  had  an 
elastic  limit  of  about  35000  lb.  per  sq.  in. 

The  Kahn  bar,  shown  in  Fig.  2,  is  designed  to  resist  diagonal 
tensile  stresses  developed  in  connection  with  shearing  stresses. 
It  is  a  square  bar  with  webs  projecting  at  the  opposite  ends  of  a 
diagonal.     These  webs  are  sheared  from  the  main  bar  and  bent  up 


Fig.  2. — Kahn  Bar. 

at  an  angle  of  45°.  The  two  sizes  used  were  catalogued  as  ^  in. 
and  f  in. ;  the  actual  areas  including  the  webs  were  0.40  and  0.80 
sq.  in.  respectively.  On  the  \  in.  size  the  fins  were  6  in.  long,  and 
on  the  f  in.  size,  12  in.  A  length  of  42  in.  on  the  ^-in.  bar  and  of 
36  in.  on  the  |-in.  bar  at  the  middle  of  the  bar  has  no  fins  and  has 
the  full  section  of  metal.  The  elastic  limit  of  the  metal  was  33000 
to  35000  lb.  per  sq.  in. 

The  Johnson  bar  is  shown  in  Fig.  3.  Two  sizes  were  used, 
catalogued  as  ^  in.  and  f  in. ;  the  actual  average  areas  were  0.20 
and  0.365  sq.  in.  respectively.  The  elastic  limit  of  the  steel  was 
from  55000  to  60000  lb.  per  sq.  in.  In  the  cold  bend  test  the  bars 
broke  suddenly  when  bent  about 

100  degrees.     The  actual  average  iTrTinrirtrtrtrtrtn 
area  of  the  dmerent  forms  of  re- 
inforcing bars  is  used  rather  than  Fig.  3. — Johnson  Bar. 
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the  net  section  because  the  relation  between  stress  and  deforma- 
tion given  by  the  coefficient  of  elasticity  of  steel  commonly  quoted 
requires  it  as  shown  by  tests  with  extensometers. 

The  Ransome  bar  is  twisted  from  a  square  bar.  Only  enough 
material  for  one  beam  was  secured.  The  elastic  limit,  though 
not  determined,  was  also  high. 

II.     Test  Pieces. 

Plain  concrete  in  compression. — The  tests  to  determine  the 
stress-deformation  relation  of  concrete  were  made  on  cylinders  8 
inches  in  diameter,  some  32  inches  and  others  16  inches  long.  The 
forms  consisted  of  two  half  cylinders  of  galvanized  iron  with  edges 
overlapping,  held  together  by  bolted  wooden  frames. 

Plain  concrete  in  tension. — The  tests  to  determine  the  stress- 
deformation  relation  of  concrete  in  tension  were  made  on  cyl- 
inders 8  in.  in  diameter  and  32  in.  long.  For  6  in.  at  each  end 
the  cylinders  were  made  of  1 :3  mortar  into  which ^-in.  bolts  were 
embedded  as  shown  in  Fig.  7.  The  forms  were  the  same  as  those 
used  for  the  compression  test  pieces. 

Bond  of  steel  and  concrete. — The  tests  to  determine  the  bond 
of  steel  and  concrete  were  made  with  steel  bars  of  various  types 
and  sizes  encased  for  a  length  of  12  in.  in  a  6-in.  cylinder  of  con- 
crete. Two  specimens  were  made  with  bars  encased  for  a  length 
of  24  in.  One  end  of  the  bar  was  placed  flush  with  one  end  of  the 
cylinder ;  the  other  end  projected  15  inches  to  furnish  a  grip  for  the 
pulling  head.  The  forms  consisted  of  half  cylinders  of  galvanized 
iron  held  together  by  hoops  with  bolted  flanges. 

Plain  concrete  heams. — Nine  concrete  beams  without  re- 
inforcement were  tested.  These  were  all  12  in.  wide  and  13^  in. 
deep.  In  length  three  were  15  ft.  4  in.,  two  were  12  ft.,  two  were 
9  ft.  6  in.,  and  two  were  6  ft.     The  forms  are  described  later. 

Reinforced  concrete  l>eams. — All  reinforced  concrete  beams 
were  12  in.  wide.  One,  No.  29,  was  8  in.  deep  and  12  ft.  long; 
the  other  twenty-one  were  13^  in.  deep  and  15  ft.  4  in.  long.  The 
amount  and  kind  of  reinforcement  in  each  is  shown  in  Table  4 ; 
the  percentage  of  reinforcement  is  the  ratio  of  the  area  of  the 
metal  to  the  area  of  the  concrete  above  the  center  of  the  metal. 
The  metal  was  placed  in  a  plane  1\  in.  above  the  bottom,  and 
evenly  spaced  across  the  breadth  of  the  beam,  the  space  between 
the  side  of  the  beam  and  the  nearest  bar  being  one-half  that  be- 
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tween  any  two  consecutive  bars.     In  a  number  of  beams  a  part  of 
the  bars  were  turned  up  after  the  manner  shown  in  Fig.  4.  ; 


Fig.  4 — Disposition  of  Metal. 

In  all  cases  the  bars  so  bent  were  placed  to  make  the  section 
symmetrical  with  respect  to  a  plane  through  the  middle  of  the 
breadth  of  the  beam.  In  Table  4  are  given  the  number  of  bars 
turned  up  in  each  case. 

TABLE  4. 
Data  on  Beams. 


Beam 

Am't  and  Kind  of 

Per  cent. 

No.  of  bars 

Age  at 

No. 

Eeinforcement 

of  Metal 

bent  up 

Test 

1 

3f-in.Thacher.... 

0.83 

0 

61 

2 

5  i^in.  Johnson. . . . 

0.69 

0 

64 

3 

3  i-in.  Johnson. . . . 

0.42 

2 

63 

4 

5  i-in.  Kahn 

1.39 

0 

63 

5 

3  ^-in.  Kahn 

0.83 

0 

65 

6 

7  i-iii.  Johnson. . . . 

0.97 

3 

63 

7 

3  Mn.  Johnson. .  . . 

0.42 

0 

63 

9 

3  i-in.  Ransome. . . 

0.52 

8  stirrups 

62 

10 

3  f-in.  Thacher. . . . 

0.83 

2 

62 

]2 

3  ^-in.  Kahn 

0.83 

0 

65 

13 

7  ^-in.  Johnson 

0.97 

4 

63 

14 

4  A-in.  Kahn 

1.11 

0 

65 

35 

3  f-in.  Thacher. . . . 

0.83 

2 

64 

16 

3  ^-in.  Plain  Square 

0.52 

2 

60 

17 

3  i>-in.  Plain  Square 

0.52 

2 

60 

19 

3  i-in.  Plain  Round 

0.41 

2 

60 

20 

5  i-in.  Johnson. . . . 

0.69 

3 

61 

21 

3  Wn.  Plain  Round 

0.41 

2 

61 

22 

3  |-in.  Kahn 

1.67 

0 

63 

27 

4  |-in.  Plain  Square 

1.56 

2 

63 

28 

6  f-in.  Johnson 

1.52 

4 

61 

29 

6  2-in.  Johnson. . . . 

1.48 

2 

59 

Making  of  heams. — The  beams  were  made  directly  on  the 
concrete  floor  of  the  laboratory,  except  that  a  strip  of  building 
paper  was  spread  beneath  the  beams.  A  general  view  of  the  col- 
lection may  be  seen  in  Fig.  7.  The  details  of  the  forms  used  are 
shown  in  Fig.  5.     The  sides  consisted  of  2-in.  plank  dressed  on  the 
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one  surface.  The  ends  were  of 
the  same  material  and  were  held 
in  place  by  cleats  on  the  sides.  ^ 
Braces  as  shown  in  Fig.  5  were 
placed  every  3  feet  to  hold  the 
forms  together  and  to  prevent 
bulging  during  the  tamping  of  the  7^/p/^/ei^  ^/7a'y/^i/y 

concrete.      The   design    is  to  be  Fig.  5 — Forms. 

recommended  for  ease  of  erection  and  removal  and  for  its  adapt- 
ability to  a  range  of  sizes.  The  beams  were  made  in  layers  of 
about  4  in.  After  each  layer  had  been  tamped  once,  a  flat  spade 
was  forced  between  the  face  of  the  form  and  the  concrete  to  pro- 
duce a  better  surface  and  the  layer  then  retamped.  No  tamping 
was  done  in  the  horizontal  plane  of  the  bars  lest  it  should  tend  to 
cause  a  plane  of  rupture.  The  upper  surface  was  finished  with  a 
thin  layer  of  1 : 3  mortar.  The  beams  were  numbered  consecutively 
in  the  order  of  their  manufacture  and  will  be  referred  to  in  the 
following  discussion  by  these  numbers. 

Storage.— 11\\Q  temperature  of  the  laboratory  in  which  the 
beams  were  stored  ranged  between  60°  and  70°  F.  Nothing  was 
done  to  protect  the  surface,  such  as  sprinkling  or  covering  with 
damp  canvas,  but  no  cracks  were  formed,  even  in  the  finished 
mortar  surface,  due  to  shrinkage  or  rapid  evaporation.  The  gen- 
eral age  of  the  specimens  when  tested  was  60  days,  a  time  sufii- 
cient  to  reduce  the  efi^ects  of  variations  in  mixing,  consistency, 
rate  of  setting,  etc.,  to  a  negligible  factor.  The  exact  ages  of  the 
reinforced  beams  are  given  in  Table  4,  and  of  the  plain  concrete 
beams  in  Table  8. 


III.     Details  of  Tests. 

The  work  done  up  to  this  time  on  the  stress-deformation  rela- 
tions of  concrete  in  tension  and  in  compression  has  been  given  in 
a  large  measure  to  a  study  of  the  methods  by  which  such  tests 
should  be  made.  The  tests  were  made  on  the  200,000-lb.  Olsen 
testing  machine.  Loads  were  generally  applied  continuously  and 
the  deformations  corresponding  to  various  loads  up  to  the  ultimate 
strength  were  determined. 

Plain  concrete  in  compression. — In  compression  tests  consider- 
able difficulty  was  experienced  with  bending  of  the  specimen  as 
shown  by  lack  of  uniformity  in  deformations  on  two  sides  of  the 
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piece.  The  ends  of  the  test  pieces  were  coated  with  thin  layers 
of  plaster  of  paris  which  was  allowed  to  set  under  light  pressure. 
With  some  of  the  specimens  the  load  was  applied  through  a  bear- 
ing block  with  an  adjustable  spherical  head;  with  others  it  was 
applied  through  two  steel  rollers  placed  at  right  an-gles  to  each 
other  and  centered  over  the  axis  of  the  piece.  The  deformations 
were  measured  on  a  gauge  length  of  24  in.  with  a  Johnson  exten- 
someter  having  special  yokes.  It  was  found  that  a  test  piece  four 
diameters  in  length  was  subject  to  considerable  flexure.  The 
remaining  specimens  were  cut  down  to  20  in.  and  tested  with  a 
gauge  length  of  12  in. ;  much  better  results  were  obtained. 

Plain  concrete  in  tension. — Fig.  6  shows  the  details  of  the 
pulling  head  used  in  the  ten- 
sion tests.  A  2-in.  steel  disc 
was  fastened  to  bolts  which 
had  been  set  in  the  end  of 
the  specimen.  The  pulling 
rod  had  a  spherical  end  bear-  _ 
ing  in  the  head;  the  other 
end  had  threads  and  a  nut. 
By  this  means  it  was  hoped 
to  get  a  direct  pull,  concen- 
tric with  the  piece  and  well 
distributed  through  the  cross 
section  of  the  specimen,  and 
the  method  gave  fair  results 
but  needs  some  modification. 
The  same  extensometer  de- 
vice was  used  as  for  the  com- 
pression tests.  The  gauge 
length  was  24  in. 

Bond  between  steel  and 
concrete. — The  tests  for  bond 
between  steel  and  concrete 
were  made  in  the  100,000-lb. 
Falkenau-Sinclair  testing 

machine.  The  free  end  of  the  reinforcing  bar  teste  d  was  held 
by  the  grips  of  the  machine  and  pressure  was  applied  against  the 
bearing  end  of  the  concrete  block  through  a  cast  iron  plate. 
Between  this  plate  and  the  concrete  block  was  placed  a  layer  of 


Fig.  6 — Pulling  Head. 
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plaster  of  paris  which  was  allowed  to  set  under  the  application  of 
a  light  load  by  the  machine.  This  method  allowed  careful  cen- 
tering and  distributed  the  load  uniformly.  Some  of  the  test  pieces 
had  had  the  bars  struck  six  quarter-swing  blows  with  a  10-lb. 
sledge. 

Beams. — The  beams  weighed  about  2600  lb.  each,  and  were 
easily  moved  to  and  from  the  machine  by  means  of  a  portable 
trestle  crane  provided  with  two  hoists  and  trolleys  running  on  an 
overhead  trackway.  They  were  run  along  the  table  of  the  machine 
on  dollies  and  were  lifted  into  place  on  the  supports  by  tackles 
suspended  from  the  ceiling  joists.  The  tests  were  made  on  the 
200,000-lb.  Olsen  testing  machine. 

Span  and  Loading. — The  span  length  for  the  reinforced  con- 
crete beams,  except  No.  29,  was  14  ft.  The  concrete  beams  were 
tested  at  various  spans  as  shown  in  Table  8.  The  general  arrange- 
ment of  the  loading  may  be  seen  in  the  half-tone  views.  The  load 
was  applied  by  the  machine  at  the  middle  of  a  12-in.  I-beam.  The 
I-  beam  transmitted  it  to  the  beam  through  two  steel  rollers  1^  in.  in 
diameter  placed  at  the  one-third  points  of  the  span  length.  The 
supports  at  the  ends  of  the  span  rested  on  the  table  of  the  machine. 
The  tops  of  these  supports  have  curves  of  small  radius;  the  bases 
are  cylindrical  surfaces  of  12  in.  radius,  thus  permitting  a  rock- 
ing action  with  changes  in  length  of  lower  surface  of  beam.  With 
this  arrangement  of  rollers  and  supports  some  resistance  to  changes 
in  length  would  exist.  It  was  estimated  that  an  end  compres- 
sion of  about  3  per  cent,  of  the  compression  stresses  in  the  beam 
would  be  necessary  before  longitudinal  adjustment  would  be  made. 
In  other  words  the  tension  was  relieved  by  this  amount.  Bearing 
plates  |x4xl2  in.  were  placed  above  the  beam  at  the  points  of 
application  of  the  load  and  below  it  at  the  supports.  A  layer  of 
plaster  of  paris  was  put  between  the  bearing  plates  and  the  beam 
and  allowed  to  set  under  such  weight  as  came  upon  them  from  the 
manner  of  loading,  thus  taking  up  any  wind  in  the  beam. 

Loads. — The  loads  were  applied  with  the  slowest  speed  of  the 
machine.  In  general  readings  were  taken  at  intervals  of  1000  lb. 
in  the  case  of  reinforced  concrete  beams  and  at  intervals  of  200  lb. 
in  the  case  of  plain  concrete  beams.  Frequently  the  load  was 
released  after  some  partial  load  had  been  reached  and  then  reap- 
plied. Further  information  concerning  this  point  may  be  obtained 
by  reference  to  the  original  notes  at  the  end  of  this  bulletin. 
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DeUections  at  center. — Deflections  at  the  center  were  recorded 
although  it  was  anticipated  that  such  data  would  be  of  little  value 
except  as  a  check  on  the  more  general  characteristics  of  the  loads 
deformation  diagram.  These  readings  were  usually  o-btained  by 
means  of  a  fine  thread  stretched  at  a  constant  tension  between 
points  at  the  middle  of  the  depth  of  the  beam  over  the  sup- 
ports, and  passing  in  front  of  a  paper  scale  attached  to  the  side  of 
the  beam  at  the  middle  of  the  span.  The  scale  was  pasted  on  the 
face  of  a  mirror,  and  readings  were  obtained  by  lining  up  the 
thread  audits  reflections.  These  readings  were  accurate  to  .01  in. 
A  second  method  was  to  use  a  deflectometer  resting  on  the  table 
of  the  machine  beneath  the  center  of  the  beam.  This  gave  read- 
ings direct  to  .001  in.  but  was  in  error  due  to  the  crushing  of  the 
plaster  of  paris  beneath  the  bearing  plates  and  to  the  deflection  of 
the  table  of  the  machine.  It  was  understood  at  the  outset  that 
these  errors  would  be  present,  but  since  that  due  to  the  first  cause 
would  be  approximately  constant  and  that  due  to  the  second  cause 
would  vary  with  the  loads  for  beams  of  the  same  span,  readings 
were  taken  by  this  method  to  get  a  check  on  the  first  method.  In 
the  case  of  plain  concrete  beams  the  deflections  were  so  small  that 
the  first  method  was  not  accurate  enough.  The  method  used  was 
to  place  a  deflectometer  on  a  platform  swung  beneath  the  beam 
and  supported  from  points  at  the  middle  of  the  depth  of  the  beam 
over  the  supports.  This  platform  was  arranged  to  swing  freely  on 
the  cross  rods  of  the  frame  supporting  it.  Readings  were  obtained 
direct  to  .001  in. 

Deformations. — To  obtain  deformations  in  the  various  fibers 
of  the  beam,  the  device  shown  in  Fig.  11  was  used.  Two  yokes 
were  fastened  to  the  beam  just  outside  the  load  points  and  as  near 
them  as  practicable.  Each  yoke  was  attached  to  the  beam  by  two 
pairs  of  screws.  The  upper  pair  of  contact  points  was  generally 
placed  1  in.  to  1^  in.  below  the  top  of  the  beam  and  the  lower  pair 
11  in.  below  the  upper.  To  permit  adjustment  the  screws  were 
provided  with  lock-nuts.  The  lower  pair  of  screws  could  be  raised 
or  lowered  in  a  slot  in  the  frame  to  be  from  6  to  11  in.  below  the 
the  upper  pair.  The  rollers  and  dials  of  two  dismantled  Johnson 
extensometers  were  attached  to  the  yokes  so  that  the  centers  of  the 
rollers  were  in  direct  line  with  the  contact  points  and  the  axes 
of  the  rollers  were  at  right  angles  to  the  sides  of  the  beam.     The 


Fig.  7.— View  of  Beams. 


Fig.  8. — Usual  Arrangement  of  Apparatus. 


Fig.  9. — Using  Two  Extensometers  for  Testing  Conservation  of 

Plane  Section. 


Fig.  10. — View  of  Beam  after  Completion  of  Test. 
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rollers  were  23  m.  apart  vertically,  the  upper  one  being  6  in.  above 
the  pair  of  fixed  screws.  The  rollers  were  0.5  in.  in  circumfer- 
ence.    The  dials  were  4  in.  in  diameter  with  500  graduations  so 


Fig.  11 — ExTENSOMETER  Device. 

that  each  division  indicated  .001  in.  By  means  of  a  vernier  direct 
readings  of  .0001  in.  were  obtained.  The  second  yoke  was 
provided  with  fixed  points  in  positions  corresponding  to  the  posi- 
tions of  the  four  rollers. 

It  was  intended  at  first  to  obtain  the  motion  of  each  roller 
relative  to  its  corresponding  fixed  point  in  the  second  yoke  by 
means  of  a  fine  thread  attached  to  the  fixed  point  and  kept  taut 
by  a  small  weight  suspended  at  the  end  which  passed  over  the 
roller.  Beam  No.  1  was  tested  with  this  arrangement,  but  a  sub- 
sequent calibration  showed  the  device  to  be  so  faulty  that  the 
results  were  of  little  value.  The  method  of  calibration  was  to 
impart  a  known  motion  to  the  thread  by  means  of  a  standard  screw 
micrometer  and  to  observe  the  corresponding  indication  on  the 
dial.  The  study  of  the  results  showed  the  following  facts  :  (1)  At. 
the  beginning  of  motion  there  is  an  error  due  to  play  in  the  bear- 
ings and  to  stretching  of  the  thread.  (2)  Upon  the  reversal  of  the, 
direction  of  the  motion  there  is  an  error  due  to  back-lash  and  to 
the  changed  tension  in  the  thread.  (3)  At  all  times  there  is  an 
error  due  to  the  fact  that  a  point  in  the  axis  of  the  thread  travels 
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a  greater  distance  than  a  point  on  the  circumference  of  the  rollers. 
Threads  of  various  materials  and  sizes  were  experimented  with, 
the  finest  wires  that  could  be  obtained  were  tested,  but  nothing 
satisfactory  was  found. 

The  device  finally  adopted  consisted  of  a  steel  strip  12  in,  long 
with  a  slightly  rounding  surface  resting  on  the  brass  roller  and 
rigidly  fastened  to  a  5-ft.  length  of  i  in.  wrought  iron  pipe.  Near 
the  other  end  of  this  pipe  a  V-shaped  notch  was  cut  which  rested 
on  a  screw  set  in  the  second  yoke.  Tests  similar  in  method  to 
those  previously  described  showed  that  if  the  notch  was  carefully 
set  upon  the  screw  by  moving  the  rod  in  the  direction  in  which 
subsequent  motion  was  to  occur,  the  true  motion  of  the  rod  was 
indicated  upon  the  dial. 

Test  of  conservation  of  plane  section — In  the  test  of  conser- 
vation of  plane  section  two  extensometer  devices  were  used  as 
shown  in  Fig.  9.  The  two  sets  of  yokes  alternated,  one  of  each 
set  being  attached  outside  a  load  point  and  one  inside,  the  gauge 
length  being  the  same.  The  gauge  bars  were  placed  above  each 
other.  The  extensometers  were  used  on  only  one  side  of  the  beam, 
it  having  been  found  in  previous  tests  that  the  twist  of  the  beam 
was  negligible.  The  characteristic  of  the  test  lay  in  the  position 
of  the  contact  points  in  the  two  sets  of  yokes.  In  one  set,  the 
contact  points  were  spaced  11  inches  apart  as  usual,  one  point 
being  \\  in.  below  the  top  of  the  beam  and  the  other  \\  in.  above 
the  bottom.  In  the  other  set,  the  upper  contact  point  was  placed 
in  the  usual  position,  1^  in.  below  the  top  of  the  beam,  but  the 
position  of  the  lower  point  was  varied,  in  beam  No.  22  being 6  in., 
and  in  beam  No.  27  8^  in.  below  the  upper  contact  point.  The 
loads  were  applied  continuously,  and  simultaneous  readings  of  the 
two  extensometers  were  taken. 

General  features. — Usually  four  observers  were  present  dur- 
ing each  test— one  to  regulate  the  application  of  the  load,  two  to 
read  deflectometers  and  extensometers,  and  one  to  record  general 
observations  of  the  behavior  of  the  beam.  The  extensometer 
apparatus  was  usually  removed  shortly  before  the  maximum  load 
was  reached.  The  loading  was  continued  until  the  top  surface 
crushed  out,  but  no  record  was  made  of  loads  beyond  the  maximum 
except  in  a  few  cases. 
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IV.     Experimental  Data. 

Concrete  in  cornpression. — As  has  been  stated  the  results  of  the 
tests  of  concrete  in  compression  are  of  value  principally  as  a  study 
of  the  methods  by  which  such  tests  should  be  made.  Many  diffi- 
culties and  inconsistencies  were  found,  and  of  course  the  different 
methods  employed  gave  results  not  in  accord  with  each  other.  It 
seemed  to  be  generally  the  case  that  the  effect  of  eccentricity  of 
loading  and  flexure  of  the  piece  was  to  reduce  its  strength  below 
what  was  found  with  test  cubes.  However,  the  results  are  illus- 
trative and  some  of  them  have  been  worked  over  and  are  given  as 
examples. 


TV, 

^00/0 

\ 
I 

^■0003 


n 

/k 

\ 

a 

) 

§: 

4 

_j 

^ 

f-l 

t 

/' 

^^f 

I 

\ 

f) 

y 

< 

t^ 

f 

s<i 

/ 

\ 

■^ 

n 

•>{ 

f 

/ 

/ 

'i 

^7 

'  / 

'     y 

A 

/ 

/  < 

/^ 

1 

^ 

y 

,A 

^ 

y 

iJ 

1^ 

^ 

^ 

r 

Fig.  12 — Stress-deformation  Curves  for  Compression. 

Fig.  12  gives  stress-deformation  curves  for  the  test  pieces  of 
Table  5.     It  will  be  noted  that  stiffness  increases  with  age,  per- 

TABLE  5. 

Concrete  in  Compression. 


Test 
No. 

Age 
days 

Total  length 
in. 

Gauge  length, 
in. 

Max.  load 
lb. per  sq.  in. 

Remarks. 

10 
4 
8 

14 

7 
56 
90 
95 

32 
32 
20 
20 

24 
24 
12 
12.6 

560 
1025 
1800 
1400 

Considerable  bending. 

Very  little 
Considerable       ' ' 

haps  even  more  rapidly  than  strength.     This  suggests  at  once  an 
important  line  of  investigation,  which  has  an  intimate  relation  to 
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the  strength  of  reinforced  concrete  beams, — the  effect  of  time 
upon  the  stiffness  of  concrete,  since  the  stiff er  the  beam  the  greater 
the  compressive  stress  brought  upon  the  concrete. 
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Fig.  13 — Compression  Test  No.  8. 

Fig.  13  gives  the  stress-deformation  curve  for  No.  8.  The 
curve  is  a  very  good  parabola,  its  vertex  being  at  A.  The  diagonal 
line  is  tangent  to  it  at  the  origin  and  may  be  called  the  line  for 
initial  modulus  of  elasticity. 
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Fig.  14. — Stress-deformation  Curves  for  Tension. 
Concrete  in  tension.  — 1!.2^\q  6  and  Fig.  14  give  results    on 
pieces  tested  in  tension.     The  breaking  stress  and  the  ultimate 
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deformation  should  be  noted.     In  general  the  pieces  broke  before 
reaching  a  deformation  of  .00006.     It  will  be  seen  later  that  the 


TABLE  6. 

Concrete  in  Tension. 

Test 

No. 

Age 
days 

Mixture 

Max.  load 
lb.  per  sq.in. 

Kemarks 

7 

3 

13 

12 

50 
60 
84 

87 

1:3:6 
1:3:6 
1:3:6 
1:3:0 

178 
160 
170 

278 

Bending  at  start. 
Bending  throughout. 

Little  bending. 

concrete  beams  broke  with  a  deformation  on  the  tension  face  of 
.0001  and  .000085  per  unit  of  length. 

Bond  between  steel  and  concrete. — Table  7  shows  the  results  of 
the  tests  made  by  Mr.  Davis  for  bond  between  steel  and  concrete. 
It  will  be  seen  that  the  Johnson  bars  split  the  concrete,  while  the 
plain  rods  slipped  in  the  concrete.  No  slipping  could  be  detected 
before  the  maximum  load  was  reached.  The  range  of  resistance 
per  sq.  in.  of  net  surface  of  the  embedded  bar  was  great, — from 
298  to  639  lb.  for  the  Johnson  bar  and  from  174  to  360  lb.  for  the 
plain  rods.  As  was  to  be  expected,  in  no  case  did  the  tension  in 
the  plain  rods  exceed  the  elastic  limit  of  the  metal.  In  No.  21 
and  No.  22  the  bars  were  placed  within  1-^  in.  of  the  face  of  the 
concrete  block.  No.  16  and  No.  17  which  had  24  inches  of  rod 
embedded  show  a  small  resistance  per  sq.  in.  of  surface.  This 
may  be  due  to  uneven  distribution  of  the  transmission  of  stress 
from  the  bar  to  the  concrete  throughout  the  length  due  to  the 
greater  stretching  of  the  bar  just  within  the  concrete.  Mr.  Davis 
concludes  that  a  12-in.  length  may  be  more  than  should  be  used  in 
this  test. 

Plain  concrete  beams. — Table  8  gives  the  general  data  for  the 
plain  concrete  beams  tested.  The  modulus  of  rupture  is  calculated 
by  the  usual  empirical  formula,  taking  into  account  the  weight  of 
the  beam  and  the  overhang  of  the  ends.  It  will  be  seen  that  the 
range  of  values  is  not  great  and  except  for  Beams  No.  24  and  25 
it  seems  to  be  independent  of  the  length.  Tables  containing  the 
data  for  deformations  and  deflections  of  Beams  No.  11  and  No.  18 
are  given  at  the  end  of  the  bulletin.  Diagrams  for  the  same 
beams  are  given  in  Figs.  21  and  22,  the  method  of  calculation  being 
the  same  as  explained  later  for  the  reinforced  concrete  beams. 
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The  deformations  for  Beam  No.  18  are  not  considered  as  trust- 
worthy as  those  for  Beam  No.  11.  The  diagrams  show  that  the 
stretch  of  the  concrete  at  the  lower  fibre  was  for  the  applied  load 
.000075  per  unit  of  length ;  in  the  application  of  the  last  200  lb. 
in  Beam  No.  11  the  lower  fibre  rapidly  stretched  to  .0001  before 

TABLE  7. 
Bond  Between  Steel  and  Concrete. 
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*  Struck  6  qnarter-swing-  blows  with  a  10-lb.  sledge. 
t  Embedded  for  a  length  of  24  in. 

the  beam  broke.  The  method  of  observing  deflections  was  not 
sufiiciently  accurate  to  serve  as  a  basis  for  the  calculation  of  the 
coefiicient  of  elasticity. 
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Reinforced  concrete  heams. — On  the  last  pages  of  this  bulletin 
is  given  much  of  the  original  data  of  the  reinforced  concrete 
beams.  More  detailed  mention  is  made  in  the  preface  to  these 
tables. 

Accuracy  of  data. — Those  who  have  been  intimately  connected 
with  the  tests  are  satisfied  that  the  extensometer  devices  and 
measurement  are  accurate  and  trustworthy.  The  effect  of  a  slight 
loss  of  motion  at  the  beginning  of  the  application  of  the  loaa  would 

TABLE  8 
Plain  Concrete  Beams. 


Beam 

No. 

Length. 

Age  days 

Span 

Maximum 
Applied  Load 

Modulus 
of  Eupture 

8 

15  ft.  4  in. 

64 

14  ft. 

3600 

412 

11 

15  ft.  4  in. 

65 

14  ft. 

2600 

337 

18 

15  ft.  4  in. 

64 

14  ft. 

2400 

322 

26 

12  ft. 

62 

10  ft.  8  in. 

5500 

390 

30 

12  ft. 

62 

10  ft.  8  in. 

4800 

355 

23 

9  ft.  6  in. 

61 

8  ft.  6  in. 

6355 

347 

31 

9  ft.  6  in. 

62 

8  ft.  6  in. 

8000 

422 

24 

6  ft. 

61 

5  ft. 

10240 

299 

25 

6  ft. 

64 

5  ft. 

10200 

299 

be  comparatively  nothing  for  the  loads  beyond  5000  lb.  It  is 
believed  that  the  location  of  the  contact  points  with  respect  to  the 
general  top  service  of  the  beam  and  the  position  of  the  steel  is 
known  to  within  ^  in.,  which  would  correspond  to  an  accuracy  of 
.01  d  in  the  position  of  the  neutral  axis  and  of  3  per  cent,  in  the 
deformation  of  the  upper  fibre  or  steel. 

Calculation  of  deformations  and  of  jposition  of  neutral  axis. — 
The  calculation  of  deformations  and  of  position  of  neutral  axis  is 
based  upon  the  assumption  that  a  plane  section  before  bending 
remains  a  plain  section  after  bending.  The  relative  positions  of 
the  top  and  the  bottom  of  the  beam  and  of  the  contact  points  and 
rollers  of  the  extensometer  device  may  be  represiented  graphically 
on  a  vertical  line.  Then  if  the  motion  of  the  upper  roller  be  laid 
off  horizontally  in  one  direction  and  of  the  lower  roller  horizon- 
tally in  the  other  direction  and  a  line  be  drawn  connecting  the 
opposite  ends  of  these  two  lines,  the  intersection  of  this  line  with 
the  vertical  line  will  represent  graphically  the  position  of  the 
neutral  axis,  and  any  horizontal  intercept  will  represent  the  total 
deformation  of  the  corresponding  fibre.     The  deformation  per  unit 
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of  length  is  obtained  by  dividing  by  the  extensometer  gauge  length 
The  values  thus  obtained  are  given  in  the  tables  at  the  end  of  the 
bulletin. 

In  the  determination  of  the  values  of  the  deformations,  all 
extensometer  motions,  no  matter  how  many  times  the  load  may 
have  been  released,  are  referred  to  the  position  of  the  rollers  at 
the  beginning  of  the  test  as  zero  and  no  attention  has  been  paid 
to  the  set  of  the  beam. 

Diagrams. — Load-deformation  curves,  deflection  curves,  and 
position  of  the  neutral  axis  are  shown  in  Fig.  21  to  41.  The  curve 
marked  "Upper  Fiber"  represents  the  deformation  per  unit  of 
length  at  the  compression  face  of  the  beam.  The  curve  marked 
"  Steel  "  indicates  the  deformation  per  unit  of  length  in  the  plane 
of  the  reinforcement,  and  considers  that  the  steel  elongates  the 
same  as  the  concrete  at  the  same  depth.  The  curve  of  deflection 
has  a  separate  scale  of  abscissas.  The  applied  load  is  here  used 
and  no  account  is  taken  of  the  weight  of  the  beam,  which  has 
already  stressed  the  fibers  at  the  time  the  extensometers  are  read 
at  zero  load.  The  diagram  at  the  top  of  the  figure  shows  as  ordi- 
nates  the  positions  of  the  neutral  axis  corresponding  to  the  loads 
given  on  the  scale  of  abscissas.  The  upper  and  lower  lines  of  the 
diagram  represent  the  top  and  the  bottom  of  the  beam,  but  in  the 
case  of  reinforced  concrete  beams  the  position  of  the  neutral  axis 
is  given  in  per  cent.,  not  of  the  total  depth,  but  of  the  distance 
from  the  compression  face  to  the  center  of  the  metal  reinforce- 
ment. 

Tables. — Table  9  gives  the  stresses  found  in  the  steel  rein- 
forcement and  the  resisting  moment  developed  by  the  steel  at 
certain  loads,  as  calculated  by  the  methods  and  assumptions  here 
described.  The  column  "Load  considered"  is  the  applied  load 
somewhat  below  the  maximum  load  for  which  elongations  and 
shortenings  are  definitely  known  and  hence  is  the  load  used  in  the 
calculations  for  the  succeeding  columns.  The  stress  in  steel  is 
based  upon  the  observed  deformations,  using  the  coefficient  of 
elasticity  found  for  the  naked  steel  bars.  Represent  the  distance 
of  the  neutral  axis  below  the  top  of  the  beam  found  as  explained 
hereafter  by  kd.  The  position  of  the  center  of  gravity  or  controid 
of  the  compressive  stresses  is  taken  in  the  calculations  to  be  four- 
elevenths  of  the  distance  down  to  the  neutral  axis.  This  position 
is  the  result  of  analysis  which  can  not  be  given  here  and  is  close 
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to  the  usual  assumptions  which  take  into  account  the  varying  rela? 
tion  between  stress  and  deformation  in  concrete ;  nor  will  the  dif- 
ference between  this  position  and  that  resulting  from  an  assump- 
tion of  a  constant  coefficient  of  elasticity  give  a  serious  error.  The 
moment  of  resistance  of  the  beam,  neglecting  tension  in  the  con- 
crete, is  found  by  multiplying  the  tension  in  the  steel  by  the  dist- 
ance from  the  center  of  the  steel  to  the  centroid  of  the  compres- 
sive stresses  in  the  concrete,  (i  —  tt  kd,  where  d  is  the  vertical 
distance  from  the  top  of  the  beam  to  the  center  of  the  steel  rein- 
forcement. This  is  readily  seen  to  give  the  resisting  moment, 
since  it  is  the  moment  of  a  couple  formed  by  the  tensile  and  com- 

M     . 
pressive  stresses.     The  column^^^  gives  the  ratio  of  the  resisting 

moment  calculated  as  shown  above  to  the  bending  moment  at  any 
point  between  the  loads.  The  last  column  gives  the  same  ratio 
with  the  bending  moment  augmented  by  the  moment  of  the  esti- 
mated proportion  of  the  weight  of  the  beam  which  the  broken  ten- 
sile fibers  of  the  concrete  have  transferred  to  the  steel.  Further 
uses  of  the  table  will  be  apparent  in  the  further  references  to  it. 
Tables  10  and  11  give  the  position  of  the  neutral  axis  under 
the  conditions  described  in  V.  Discussion. 

V.     Discussion. 

General  phenomena  of  the  tests. — A  study  of  the  tests  and  of 
the  load-deformation  diagrams  shows  four  stages  of  flexure  during 
the  progress  of  the  loading.  Fig.  15  is  a  typical  load-deformation 
diagram  for  beams  not  having  a  large  amount  of  reinforcement. 
The  general  phenomena  attending  these  four  stages  are  as  follows : 
Through  the  first  stage,  as  the  load  is  applied,  the  action  of  the 
beam  and  the  changes  in  the  deformation  of  upper  and  lower  fibers 
are  similar  to  those  in  plain  concrete  beams,  modified  of  course  by 
the  metal  reinforcement ;  and  the  resistance  of  the  tensile  stresses 
of  the  concrete  is  plainly  apparent.  When  a  load  of  3000  to  4000 
lb.  is  reached  (probably  equivalent  to  about  250  lb.  per  sq.  in. 
tension  in  the  extreme  fiber  of  the  concrete  for  its  share  of  the 
applied  load  and  350  lb.  per  sq.  in.  when  the  weight  of  the  beam 
is  considered),  the  second  stage  begins.  The  steel  elongates  more 
rapidly  with  the  application  of  the  load,  there  is  a  similar  increase 
in  the  compression  of  the  concrete,  the  neutral  axis  rises,  and 
there  is  a  marked  change  in  the  character  of  the  load-deformation 
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diagram.  While  no  cracks  are  visible  to  the  naked  eye  at  this 
second  stage,  apparently  much  of  the  tensional  value  of  the  con- 
Crete  has  been  lost.  This  stage  may  be  called  the  readjustment 
stage.  During  the  third  stage  the  increments  of  the  deformation 
of  the  steel  are  closely  proportional  to  the  increments  of  the  load, 


-/cx/rf/h 
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Fig.  15 — Typical  Load-deformation  Diagram. 


as  shown  by  the  straight  line  of  the  load-deformation  diagram,  and 
the  compressive  deformations  generally  approximate  a  straight 
line.  During  this  stage  fine  vertical  cracks  appear,  generally 
quite  numerous  and  well  distributed  along  the  middle  third  of  the 
length  of  the  beam,  and  gradually  grow  more  distinct;  but  this 
appearance  is  not  accompanied  by  any  change  in  the  character  of 
the  load-deformation  diagram.  This  stage  continues  until  a  point 
at  or  near  the  maximum  load  is  reached,  except  with  those  beams 
having  an  excess  of  reinforcement.  The  fourth  stage,  or  stage  of 
failure,  begins  at  or  near  the  maximum  load.  The  beam  deflects 
more  and  more.  For  the  further  motion  of  the  testing  machine 
the  load  drops  below  the  maximum.  The  steel  stretches  rapidly? 
the  cracks  grow  in  width,  the  neutral  axis  rises,  and  there  is  a 
more  rapid  compression  of  the  upper  fiber  of  the  concrete  due  to 
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the  decreased  compression  area,  until  finally  the  concrete  crushes 
out  at  the  top  of  the  beam  at  a  load  less  than  the  maximum  and 
after  the  steel  has  stretched  considerably  beyond  its  yield  point. 
The  diagrams  of  Beams  No.  14,  16,  17,  19  and  21,  shows  deforma- 
tions beyond  the  maximum  load. 

The  exception  mentioned  above  is  in  beams  having  more  than 
1  per  cent^  of  metal  of  55000  lb.  per  sq.  in.  elastic  limit  or  more 
than  1^  per  cent  of  33000  lb.  per  sq.  in.  elastic  limit,  in  which  the 
concrete  at  the  top  of  the  beam  failed  by  crushing^before  the  elastic 
limit  of  the  steel  was  reached.  In  all  the  other  beams  the  full  com- 
pressive strength  of  the  concrete  was  not  developed  at  the  maxi- 
mum load.  It  may  be  noted  that  the  deflection  curve  does  not 
change  its  character  until  after  the  crook  of  the  deformation  dia- 
gram is  well  begun  and  again  until  after  the  yield  point  of  the 
metal  is  passed,  a  result  to  be  expected. 

First  stage, — A  comparison  of  the  first  stage  of  flexure  with 
the  phenomena  accompanying  the  flexure  of  plain  concrete  beams 
shows  a  marked  similarity.  The  shape  of  the  load-deformation 
relation  is  the  same,  though  as  is  to  be  expected  the  tension  curve 
shows  that  it  has  been  stiffened  by  the  steel.  The  neutral  axis  is 
below  the  middle  of  the  beam.  At  the  upper  limit  of  the  first 
stage  the  tensile  deformation  of  the  steel  throughout  the  middle 
third  of  the  beam  is  about  joVot  of  its  length,  indicating,  if  we 
disregard  shrinkage  stresses  and  use  the  value  of  the  coefiicient  of 
elasticity  of  naked  steel,  that  the  reinforcement  is  stressed  about 
3000  lb.  per  sq.  in.  It  is  evident  that  if  the  stress  in  the  concrete 
is  to  be  kept  within  its  ordinary  tensile  strength,  the  steel  will 
exert  but  a  small  part  of  its  strength,  and  that  its  principal  oflice 
will  be  to  distribute  stresses  through  the  concrete  and  prevent  con- 
centration of  stress. 

Second  or  readjustment  stage. — The  second  stage  lasts  until  the 
deformation  at  the  level  of  the  steel  averages  about  .00035.  The 
crook  or  elbow  of  the  load-deformation  diagram  of  the  steel  and 
the  reversal  of  curvature  just  after  are  characteristic  of  this  stage. 
The  increased  elongation  of  the  steel  toward  the  end  of  the  crook 
seems  to  indicate  that  the  concrete  has  broken  in  tension  through 
a  part  of  the  depth  of  the  beam,  and  that  a  part  of  the  weight  of 
the  beam  which  had  been  taken  by  the  tension  in  the  concrete  has 
now  been  transferred  to  make  added  tension  in  the  steel.  A  line 
parallel  to  the  load-deformation  line  beyond  the  elbow  and  tangent 
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to  the  elbow  lies  above  this  line,  and  the  vertical  difference  ap- 
pears to  be  roughly  equivalent  to  the  amount  of  added  load  which 
may  be  expected  from  the  beam.  As  this  stage  includes  the  con- 
ditions of  stress  for  the  usual  working  load  of  beams,  it  would  be 
of  interest  to  know  the  stress  in  the  steel  and  whether  it  may  not 
be  larger  than  is  given  by  the  use  of  the  average  deformation. 

Third  stage. — The  characteristics  of  the  third  stage  are  (1) 
straight  load-deformation  lines  both  for  tension  and  compression, 
(2)  a  nearly  constant  position  of  the  neutral  axis,  and  (3)  result- 
ing from  these  two  relations  a  proportionality  between  the  incre- 
ment of  the  load  and  the  increment  of  the  resisting  moment  of  the 
beam  if  the  latter  may  be  based  on  observed  deformations  and 
coefficient  of  elasticity  of  naked  steel.  If  in  Fig.  15  a  point 
P  be  selected  for  which  the  deformation  of  the  steel  gives  a  calcu- 
lated resisting  moment  equivalent  to  the  bending  moment  of  the 
load  and  a  line  be  drawn  running  toward  the  origin  but  having  an 
estimated  allowance  for  the  change  of  load  at  the  crook  as  shown, 
this  line  PQ  may  be  considered  to  represent  the  deformation  in 
the  steel  corresponding  to  the  tensile  stress  necessary  to  make 
up  the  full  value  of  the  resisting  moment  developed  with  any  ap- 
plied load  if  no  tension  exists  in  the  concrete.  For  a  given  load 
the  difference  between  this  deformation  and  the  deformation 
given  by  the  line  marked  "Steel"  is  not  accounted  for.  It 
seems  probable  that  at  the  vertical  cracks  the  steel  is  stretched 
enough  more  than  the  average  deformation  to  give  a  stress  which 
would  help  to  make  up  the  full  amount  of  the  bending  moment 
and  that  between  points  at  which  such  cracks  exist  there  is  still 
tension  in  the  concrete.  Possibly  other  causes  like  a  modification 
of  the  value  of  the  coefficient  of  elasticity  by  the  encasing  con- 
crete and  the  release  of  initial  stresses  in  the  steel  also  affect  the 
measured  deformations.  Whatever  the  cause,  the  deficiency  grad- 
ually decreases  as  the  load  increases  and  at  the  maximum  load 
the  resisting  moment  calculated  from  the  observed  deformation 
of  the  steel  in  general  will  be  seen  to  be  roughly  equal  to  the 
bending  moment  of  the  load 

Last  stage. — The  action  during  the  last  stage  differs  for  the 
two  classes  of  beams  (a)  beams  which  may  be  termed  normal 
beams  in  which  the  amount  of  reinforcement  in  not  sufficient  to 
develop  the  full  compressive  strength  of  the  concrete  at  the  maxi- 
mum load  and  (b)  beams  which  fail  by  crushing  of  the  concrete 
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before  the  elastic  limit  of  the  steel  is  reached  and  hence  may  be 
said  to  have  an  excess  of  metal.  For  class  (a)  the  last  stage  begins 
with  a  more  rapid  elongation  of  the  steel,  the  load  increases  some- 
what at  first,  then  decreases  with  the  further  action  of  the  testing 
machine.  After  the  maximum  load  is  reached  the  steel  stretches 
even  more  rapidly.  During  this  stage  the  neutral  axis  rises  and 
this  results  in  greater  compressive  stress  in  the  concrete  as  is  shown 
by  the  increased  deformation  of  upper  fiber.  At  the  final  failure 
of  the  beam  the  concrete  generally  crushed  out  at  the  top  surface, 
as  would  be  expected  from  the  greatly  increased  stress  thus  brought 
upon  it,  and  the  final  load  was  less  than  the  maximum  load.  Fig. 
15  shows  the  general  deformations  during  the  third  stage  and 
deformations  beyond  the  maximum  load  are  shown  in  the  diagrams 
of  Beams  No.  14,  16,  17,  and  19. 

Beams  of  class  (b)  which  have  an  excess  of  metal  act  quite 
differently.  When  a  deformation  in  the  upper  fiber  of  say  .0014 
is  reached,  the  line  for  upper  fiber  in  the  load-deformation  dia_ 
gram  changes  its  character,  curving  off  to  the  right,  and  the  com- 
pressive deformations  increase  more  rapidly.  At  the  same  time 
the  neutral  axis  lowers  slowly  and  the  line  for  steel  continues 
straight.  The  final  failure  is  due  to  crushing  of  the  concrete  at 
the  upper  surface,  and  this  occurs  before  the  deformation  of  the 
steel  has  reached  that  of  the  yield  point  of  the  steel.  The  final 
load  is  the  maximum  load.  Beam  No.  28  is  an  example  of  this 
method  of  failure. 

Maximum,  load  at  yield  point  of  metal. — Table  9  shows  that 
for  beams  not  having  an  excess  of  metal  the  stress  in  the  steel  at 
loads  somewhat  less  than  the  maximum  load  as  obtained  by  calcu- 
lation from  the  observed  average  deformations  is  in  general  some- 
what less  than  the  known  yield  point  of  the  steel,  and  the  resisting 
moment  at  these  loads  (calculated  by  multiplying  the  stress  in  the 
steel  corresponding  to  these  observed  deformations  by  the  distance 
to  the  center  of  gravity  of  the  compressive  stresses  of  the  concrete) 
is  roughly  equal  to  the  bending  moment  of  the  load.  This  equiv- 
alence of  bending  moment  and  resisting  moment  based  on  steel 
stresses  only  is  more  apparent  in  the  last  column  where  an  attempt 
is  made  to  estimate  the  added  amount  of  bending  moment  due  to 
the  part  of  the  load  which  at  the  time  of  the  first  extensometer 
reading  was  taken  by  tension  in  the  concrete  but  which  later  was 
transferred  to  the  steel.     From  the  load-deformation  diagrams  of 
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beams  not  having  an  excess  of  metal,  it  may  be  seen  that  the  aver- 
age of  the  deformations  at  the  end  of  the  straight  line  is  for  the 
mild  steel  bars  .00115  and  for  the  Johnson  bars  .0020  which  agree 
with  the  deformation  of  naked  steel  bars  at  the  yield  point.  Be- 
yond this  yield  point  the  load  increases  somewhat,  though  not 
greatly,  before  it  begins  to  decrease  with  the  continued  action  of 
the  testing  machine.  This  maximum  load  averaged  about  6  per 
cent,  more  than  the  load  at  the  yield  point  of  the  metal,  the  dif- 
ference in  one  case  reaching  15  per  cent.  It  would  seem  then  that 
for  beams  not  having  an  excess  of  metal  (sa}'^  not  more  than  1^  per 
cent,  reinforcement  with  steel  of  33000  lb.  per  sq.  in.  elastic  limit 
nor  more  than  1  per  cent  with  steel  of  55000  lb.  per  sq.  in.  elastic 
limit  for  the  concrete  used  in  these  beams)  the  maximum  load  is 
nearly  reached  when  the  steel  is  stressed  up  to  its  yield  point  and 
that  the  load  at  the  yield  point  of  the  metal  may  properly  be  taken 
as  the  ultimate  strength  of  the  beam.  It  seems  also  true  that  the 
load  which  will  stress  the  steel  to  its  elastic  limit  may  be  calcu- 
lated by  using  the  elastic  limit  of  the  naked  steel  for  the  tensile 
stress  in  the  beam  and  neglecting  tension  in  the  concrete.  An 
apparent  exception  to  the  sufficiency  of  resisting  moment  based 
on  tensile  stresses  in  steel  alone  is  in  beams  with  a  small  amount 
of  reinforcement.  Here  the  moment  of  tensile  stresses  in  the  con- 
crete may  possibly  account  for  the  deficiency  in  the  calculated 
resisting  moment.  It  should  be  noted  that  on  account  of  the  some- 
what smaller  area  of  the  Kahn  bars,  just  within  the  load  points, 
comparison  of  the  maximum  load  with  those  of  other  beams  should 
not  be  made  on  the  basis  of  the  tabulated  reinforcements.  The 
effect  of  this  decrease  in  cross  section,  however,  has  only  a  small 
effect  on  the  average  deformations  within  the  elastic  limit  of  the 
metal. 

It  should  be  borne  in  mind  that  the  deductions  in  the  above 
paragraph  do  not  apply  to  beams  having  an  excess  of  metal  and 
in  which  the  failure  is  by  crushing  before  the  yield  point  of  the 
metal  is  reached.  However,  it  seems  that  within  the  usual  limits 
of  reinforcement  (say  from  ^  per  cent,  to  1^  per  cent,  with  steel 
of  33000  lb.  per  sq.  in.  elastic  limit  and  to  1  per  cent  with  steel  of 
55000  lb.  per  sq.  in.  elastic  limit  for  this  concrete)  the  calculated 
moment  of  the  steel  about  the  center  of  gravity  of  the  compressive 
stresses  is  for  the  maximum  load  approximately  equivalent  to  the 
bending  moment,  and  no  consideration  need  be  made  of  tension  in 
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the  concrete.  The  maximum  load  may  be  based  on  elastic  limit 
of  the  metal,  and  so  far  as  strength  of  beam  is  concerned  the  factor 
of  safety  may  be  based  on  this  maximum  load.     These  limits  of  1 

TABLE  10. 
Position  op  Neutral  Axis. 


Distance  of  Neutral  Axis  from  Top  in  inches 

Applied 

Beam  No.  22 

Beam  No.  27 

Load 

Vert.  dist.  between 

Vert.  dist.  between 

lb. 

contacts 

contacts 

6  in. 

11  in. 

8.5  in. 

11  in. 

1000 

10.0 

7.7 

10.35 

8.0 

2000 

8.5 

7.35 

9.45 

8.6 

3000 

7.85 

7.9 

8.9 

8.2 

4000 

7.65 

7.4 

8.5 

8.0 

5000 

7.05 

7.2 

8.1 

7.8 

6000 

7.2 

6.75 

7.7 

7.45 

7000 

7.0 

6.75 

7.2 

7.1 

8000 

7.0 

6.6 

6.9 

6.8 

9000 

6.9 

6.55 

6.7 

6.7 

10000 

6.9 

6.6 

6.5 

6.7 

11000 

6.9 

6.6 

6.45 

6.4 

12000 

6.95 

6.6 

6.3 

6.4 

13000 

7.0 

6.7 

6.3 

6.3 

14000 

7.05 

6.75 

6.3 

6.1 

15000 

7.1 

6.8 

6.3 

6.15 

16000 

7.2 

6.9 

6.3 

6.15 

17000 

7.3 

7.0 

6.35 

6.2 

18000 

7.3 

7.0 

6.3 

6.2 

19000 

7.5 

7.25 

6.3 

6.15 

20000 

7.65 

7.5 

6.4 

6.2 

21000 

7.8 

7.6 

6.45 

6.2 

22000 

7.95 

7.7 

6.4 

6  2 

23000 

8.1 

7.9 

6.45 

6.2 

23600 

8.15 

7.9 

24000 

6'.5' 

6!3' 

25000 

6.5 

6.3 

26000 

.... 

.... 

6.6 

6.35 

and  li  per  cent,  are  given  as  tentative  limits  and  not  as  final 
determinations. 

Conservation  of  plane  section. — Some  doubt  has  been  expressed 
concerning  the  correctness  of  the  time-honored  hypothesis  that  a 
plane  section  before  bending  remains  a  plane  section  after  bend- 
ing, and  the  results  of  tests  made  by  loading  with  bars  and  brick 
has  been  cited  in  proof  of  the  fallacy  of  this  principle.     To  get  a 
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check  on  its  correctness,  two  extensometer  devices  were  used  as 
shown  in  Fig.  10  and  described  in  Details  of  Tests.  From  the 
simultaneous  observations  two  sets  of  values  of  the  elongation  of 
the  steel  and  compression  of  the  concrete  were  determined  and 
the  positions  of  the  neutral  axis  were  calculated  on  the  usual 
assumptions.  Any  considerable  variation  from  the  law  of  conser- 
vation of  plane  section  would  be  shown  by  a  discrepancy  in  the 
position  of  the  neutral  axis  determined  from  the  reading  of  the 
two  sets  of  extensometers,  and  this  discrepancy  would  grow  as  the 
load  on  the  beam  increased.  Table  10  gives  the  corresponding 
positions  of  the  neutral  axis  for  Beam  No.  22  and  Beam  No.  27. 
It  will  be  seen  that  for  both  beams  the  position  found  by  one  in- 
strument is  generally  at  a  nearly  uniform  distance  below  that 
found  by  the  other,  the  average  difference  beyond  the  elbow  of 
the  curve  being  .27  in.  for  Beam  No.  22  and  .12  in.  for  Beam  No, 
27.  These  results  are  as  close  as  can  be  expected,  for  inaccuracy 
in  the  position  of  the  contact  point  or  the  location  of  a  piece  of 
stone  above  or  below  the  contact  point  with  the  resulting  uncer- 
tainty in  transmission  to  the  interior  may  have  a  considerable 
effect.  In  Fig.  25  and  Fig.  32  are  shown  the  deformations  as  found 
by  the  two  sets  of  extensometers.  It  should  be  noted  that  the 
measurements  were  made  with  an  arrangement  of  loading  for 
which  the  vertical  shear  is  nearly  zero  between  gauge  points  and 
hence  there  was  little  to  cause  distortion  of  section. 

Position  of  neutral  axis. — The  successive  positions  of  the  neu- 
tral axis  as  determined  for  the  various  beams  are  shown  on  the 
diagrams.     In  general,  the  neutral  axis  may  be  said  to  rise  during 

TABLE  11. 
Position  of  Neutral  Axis  during  Third  Stage. 


Beam 

Per  cent. 

Proportion- 

Beam 

Per  cent. 

Proportion- 

No. 

reinforcement 

ate  depth 

No. 

reinforcement 

ate  depth 

21 

0.41 

.34 

14 

1.11 

.46 

19 

0.41 

.36 

5 

0.83 

.42 

16 

0.52 

.375 

28 

1.52 

.53 

17 

0.52 

.37 

13 

0.97 

.45 

27 

1.56 

.53 

20 

0.69 

.     .44 

9 

0.52 

.34 

2 

0.69 

.39 

15 

0.83 

.41 

7 

0.42 

.33 

10 

0.83 

.43 

3 

0.42 

.31 

22 

1.67 

.57 

29 

1.48 

.52 

4 

1.39 

.47 

30 
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Fig.  16. — Neutral  Axis  and  the  Amount  of  Keinforcement. 

Proportional  depth  or  neutral  axis  is  given  in  terms  of  distance  from  com- 
pression face  to  center  of  metal.  -     - 
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the  second  or  readjustment  stage  and  then  to  remain  in  one  posi- 
tion during  the  third  stage  until  the  maximum  load  is  nearly 
reached.  For  Beams  No.  14,  16,  17,  19,  and  21  the  position  of  the 
neutral  axis  beyond  the  maximum  load  is  shown,  this  position  be- 
ing higher  than  at  the  maximum  load.  For  beams  having  an  excess 
of  metal,  the  neutral  axis  lowers  somewhat  during  the  stage  of 
rapid  deformation  of  the  upper  fiber.  The  neutral  axis  is  appar- 
ently lower  than  is  given  by  several  theories  which  have  been  pro- 
posed. The  position  of  the  neutral  axis  during  the  third  stage  is 
given  for  the  various  beams  in  Table  11.  In  Fig.  16  the  abscissas 
represent  the  ratio  of  steel  to  concrete  and  the  ordinates  the  pro- 
portionate depth  from  compression  face  to  center  of  reinforcement. 
The  line  k  =  0.26  +  18  p,  gives  the  position  somewhat  accurately, 
when  k  is  the  proportional  depth  of  the  neutral  surface  and  p  is 
the  proportional  steel  area  or  ratio  of  area  of  steel  to  area  of  con- 
crete, the  depth  from  the  top  of  the  beam  to  the  center  of  the 
steel  being  used  in  both  cases.  Theoretical  considerations  indicate 
that  the  locus  of  the  neutral  axis  should  be  a  curved  line,  but  its 
deviation  from  a  straight  line  within  the  usual  limits  of  reinforce- 
ment will  be  slight,  as  is  shown  by  the  theoretical  curves  in  Fig. 
16  which  are  based  upon  the  analysis  given  by  the  writer  in  an 
article  in  the  Journal  of  the  Western  Society  of  Engineers  for 
August,  1904. 

It  should  be  added  that  the  somewhat  smaller  area  of  the 
Kahn  bars  just  within  the  load  points  will  but  slightly  affect  the 
deductions  here  made. 

Compressive  sti'esses. — It  is  not  easy  to  determine  the  com- 
pressive stresses  developed  in  the  beams.  As  has  been  stated  two 
conditions  existed  (a)  beams  with  an  amount  of  metal  so  small 
that  the  maximum  compressive  stresses  were  below  the  full 
strength  of  the  concrete  and  (b)  beams  having  an  amount  of  metal 
large  enough  to  develop  the  full  compressive  strength  of  the  con- 
crete. In  the  former  the  strength  of  the  metal  determines  the 
strength  of  the  beam,  in  the  latter  the  concrete  is  the  controlling 
factor.  As  nearly  as  may  be  told,  the  deformation  .0014  per  unit 
of  length  marks  a  limit  for  compression  for  this  concrete.  Below 
this  limit  there  is  little  change  in  the  load-deformation  diagram 
as  long  as  the  metal  is  within  the  elastic  limit ;  but  above  this  limit 
and  with  the  metal  stressed  within  the  elastic  limit,  the  load-de- 
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formation  line  changes  character.  In  one  case  the  deformation  of 
the  concrete  reached  .0032  per  unit  of  length  before  final  buckling 
but  it  seems  to  be  true  that  beyond  .0014  the  concrete  so  stressed 
is  far  less  efficient  than  before.  Studies  made  on  the  compressive 
stresses  developed  lead  to  the  conclusion  that  at  this  deformation 
the  concrete  has  nearly  reached  its  ultimate  strength  and  that 
further  application  of  load  stress^he  lower  fibers  mo^e  but  the 
upper  fibers  ^ve  little  added  resistance. 

Shear  and  Bond. — No  beams  failed  by  the  method  ordinarily 
termed  a  shearing  failure.  The  cracks  which  formed  were  vertical 
or  nearly  vertical.  Whether  the  beams  with  large  reinforcement 
would  have  developed  shearing  cracks  if  the  reinforcement  had 
been  continued  horizontally  to  the  end  of  the  beam  can  not  be  told. 

There  was  no  indication  of  slipping  of  the  rods  in  the  concrete 
within  the  maximum  load  even  with  plain  rods.  The  results  of 
the  tests  on  bond  of  plain  bars  made  by  Mr.  Davis  indicate  that 
for  beams  of  the  dimentions  and  method  of  loading  here  used 
there  is  still  considerable  margin  against  slipping  w^hen  the  steel 
reaches  its  elastic  limit. 

Effect  of  shape  of  har. — In  general  there  was  no  marked  dif- 
ference in  results  found  for  the  difii'erent  forms  of  reinforcing  bars 
used.  The  plain  bars  gave  results  quite  as  good  as  deformed  bars 
having  the  same  elastic  limit.  It  should  not  be  inferred  that  there 
are  not  conditions  under  which  deformed  bars  have  special  value. 
Attention  should  again  be  called  to  the  fact  that  the  Kahn  bars 
did  not  have  the  full  section  of  metal  under  the  load  points,  and 
hence  that  a  comparison  of  maximum  loads  with  other  beams  hav- 
ing the  same  amount  of  reinforcement  may  not  properly  be  made. 
This  however  does  not  apply  in  any  considerable  degree  to  the 
effect  upon  position  of  the  neutral  axis  and  equivalence  of  bending 
moment  and  resisting  moment. 

Release  and  repetition  of  load. — Fig.  42  shows  the  general 
characteristics  of  results  when  loads  were  released  and  reapplied. 
It  seems  to  indicate  that  the  steel  and  concrete  are  under  stress 
after  the  load  is  released.     This  subject  is  worthy  of  investigation. 

Summary. — It  is  not  well  to  draw  general  conclusions  except 
after  full  investigation  and  it  is  felt  that  important  results  may 
be  expected  from  further  experimentation.  However,  certain 
results  stand  out  in  such  a  way  that  it  seems  only  proper  to  point  out 
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conclusions,  even  if  they  are  only  tentative  and  subject  to  confir- 
mation by  further  tests.  It  may  be  said  that  the  behavior  of  the 
beams  and  the  uniformity  of  their  action  gives  the  writer  more  than 
usual  confidence  in  the  results  of  individual  tests.  Extensometer 
tests  were  not  obtained  on  three  of  the  beams  tested,  but  the  deflec- 
tions and  maximum  loads  of  these  three  beams  checked  those  of 
their  mates  very  closely.  It  should  be  understood  that  these  conclu- 
sions apply  to  simple  flexure  under  the  conditions  given  in  these 
tests.  Deductions  from  the  investigation  may  be  stated  as  follows: 

1.  The  composite  structure  acts  as  a  true  combination  of  steel 
and  concrete  in  flexure  during  the  first  or  preliminary  stage,  and 
this  stage  lasts  until  the  steel  is  stressed  to  say  3000  lb.  per  sq.  in., 
and  the  lower  surface  of  the  concrete  is  elongated  nearly  ttVto  of 
its  length. 

2.  During  the  second  or  readjustment  stage  there  is  a  marked 
change  in  distribution  of  stresses,  the  neutral  axis  rises,  the  con- 
crete loses  part  of  its  tensional  value,  and  tensile  stresses  formerly 
taken  by  the  concrete  are  transferred  to  the  steel.  During  this 
stage  minute  cracks  probably  exist,  quite  well  distributed  and  not 
easily  detected. 

3.  In  the  third  or  straight-line  stage  the  neutral  axis  remains 
nearly  stationary  in  position  and  the  concrete  gradually  loses  more 
of  its  tensional  value.  Visible  cracks  appear  and  gradually  grow 
more  distinct,  though  no  change  in  the  character  of  the  load-de- 
formation diagram  results.  It  would  seem  probable  that  at  these 
cracks  the  stress  in  the  steel  is  more  than  is  indicated  by  the  aver- 
age deformation  for  the  full  gauge  length. 

4.  In  beams  with  the  metal  reinforcement  small  enough  in 
amount  not  to  develop  the  full  compression  strength  of  the  concrete 
the  maximum  load  is  reached  or  nearly  reached  when  the  metal  is 
stretched  to  its  yield  point,  and  in  calculating  the  resisting  moment 
the  tensional  value  of  the  concrete  is  here  negligible,  and  the  load 
at  the  yield  point  of  the  metal  may  well  be  considered  the  full 
strength  of  the  beam.  The  resisting  moment  at  this  point  may 
well  be  calculated  by  multiplying  the  stress  in  the  total  steel  area 
by  the  distance  to  the  center  of  gravity  of  compressive  stresses. 

5.  So  far  as  strength  of  the  beam  is  concerned,  the  load  w^hen 
the  steel  is  stressed  to  its  elastic  limit  seems  the  proper  basis  for 
the  factor  of  safety  and  working  load. 

6.  So  far  as  strength  of  beam  is  concerned,  steel  having  a  high 
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elastic  limit  is  advantageous,  it  being  assumed  that  there  is  suffi- 
cient provision  against  the  slipping  of  rods  and  shearing  failures. 

7.  The  determination  of  the  limit  of  reinforcement  which  may 
properly  be  used  with  different  mixtures  and  grades  of  concrete 
may  best  be  decided  by  experiments  on  beams  made  to  determine 
this.  For  the  1:3:6  concrete  used,  reinforcement  as  high  as 
1^  per  cent  for  steel  of  ^00  lb.  per  sq.  in.  elastic  limit  and  1  per 
€ent  for  steel  of  55000  lla.  per  sq.  in.  elastic  limit  may  be  used 
without  developing  the  full  comxjression  strength  of  the  concrete. 

8.  With  beams  having  sufficient  metal  to  develop  the  full  com- 
X)ression  strength  of  the  concrete,  the  calculated  resisting  moment 
of  the  stresses  developed  in  the  steel  and  concrete  is  in  excess  of 
the  applied  bending  moment,  which  indicates  perhaps  that  the 
center  of  gravity  of  the  compression  stresses  is  much  lower  than 
when  the  compressive  stress  is  well  below  this  limit.  The  limiting 
deformation  for  compression  may  form  a  good  basis  for  limiting 
the  amount  of  reinforcement. 

9.  There  was  no  marked  dift'erence  in  results  found  for  the 
different  forms  of  reinforcing  bars  used. 

10.  Experimental  methods  form  a  desirable  basis  for  deter- 
mining position  of  neutral  axis,  limit  of  reinforcement,  working 
strengths  and  other  properties  of  reinforced  concrete  beams,  and 
the  determinations  should  be  made  for  the  varieties  of  mixtures, 
consistencies,  ages,  and  materials  of  the  concretes  used. 

A  satisfactory  feature  of  this  investigation  has  been  the 
thorough  and  competent  way  in  which  the  students  conducted  their 
work.  They  are  entitled  to  credit  for  their  care,  skill,  and  un- 
tiring interest.  Acknowledgment  is  also  given  R.  V.  Engstrom 
for  valuable  assistance  in  the  preparation  of  this  bulletin.  The 
University  of  Illinois  is  planning  to  continue  the  investigation. 
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TABLES 

On  the  following  pages  are  given  the  original  readings  and  a 
part  of  the  derived  values  for  beams  on  which  extensometer  read- 
ings were  taken.  The  first  column  i;ives  the  applied  load  in 
pounds  and  does  not  include  the  weight  of  the  beam  or  of  the  I- 
beam  used  to  transfer  the  load  to  the  one-third  points.  The  col- 
umn headed  "Deflection"  does  not  contain  the  original  readings 
from  the  scale  or  the  deflectometer  but  instead  the  deflections 
from  the  position  of  zero  load.  In  the  four  columns  headed  "Ex- 
tensometer Reading"  are  given  the  original  readings  for  the 
four  extensometers.  These  readings  were  taken  directly  in  deci- 
mals of  an  inch.  It  should  be  kept  in  mind  that  0  and  0.5  are  at 
the  same  point  on  the  dial  and  hence  that  such  readings  as  .4968 
and  .0032  are  consecutive  although  at  first  glance  they  might  not 
appear  to  be  so.  The  sub-headings,  I,  II,  III  and  IV,  indicate 
the  four  extensometers.  Unless  otherwise  stated  in  the  notes,  I 
and  II  are  always  the  upper  extensometers,  and  III  and  IV  the 
lower,  I  and  IV  being  on  one  side  and  II  and  III  on  the  other. 
In  the  two  columns  headed  "Deformation"  are  given  the  defor- 
mations per  unit  of  length  for  the  fiber  indicated  in  the  sub-head- 
ing, computed  with  reference  to  zero  deformation  at  the  first  zero 
of  applied  load  under  the  assumptions  and  by  the  methods  ex- 
plained on  iDage  19.  In  the  remaining  column  is  given  such 
further  information  regarding  apparatus  as  seems  necessary  for 
the  discussion  of  the  results  and  such  observations  concerning 
appearance  of  first  visible  crack,  subsequent  development  of 
cracks,  and  manner  of  failure  as  S3em  pertinent  to  the  purpose 
of  this  bulletin. 


50 


ILLINOIS    ENGINEERUSTG    EXPERIMENT    STATION, 


BEAM  NO.  2.-5  h-m.  Johnson  Bars 
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11 

III 

IV 

Steel 
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Fiber 

0 

.000 

.1072 

.3227J.3325 

.1490 

.00000 

.00000 

Upper  contacts  1  in.  below  top. 

1000 

.013 

.1092 

.3211'.  3350 

.1472 

2 

1 

Lower  contacts  12  in.  below  top. 

2000 

.019 

.1121 

.3180  .3380 

.1441 

4 

4 

Gauge  length  60|  in. 

3000 

.031 

.1160 

.3139  .3422 

.1400 

7 

8 

4000 
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.1208 

.3089 

.3480 

.1345 

12 

12 

5000 

.081 

.1265 

.3026 

.3555 

.1323 

19 

18 

0 

.019 

.1130 

.3180 

.3410 

.1513 

8 

4 

0 

.019 

.0021 

.0807 

.0228 

.0884 

Lower  contacts  7  in.  below  top. 

1000 

.038 

.0040 

0780 

.0260 

.0852 

It  was  noticed  that  cross-bolt  of 

2000 

.050 

.0072 

.0750 

.0292 

.0821 

extensometer  yoke  was  touching 

3000 

.063 

.0105 

.0718 

.0325 

.0786 

top  of  beam. 

4000 

.075 

.0136 

.0686 

.0359 

.0753 

5000 

.094 

.0174 

.0647 

.0403 

.0708 

0 

.019 

.0025 

.0791 

.0254 

.0855 

0 

.019 

.1623 

.1000 

.0349 

.1579 

.00008 

.00004 

Lower  contacts  7  in.  below  top. 

1000 

.037 

.1650 

.0977 

.0374 

.1558 

10 

6 

2000 

.044 

.1680 

.0945 

.0416 

.1527 

13 

9 

3000 

.059 

.1711 

.0912 

.0439 

.1493 

15 

12 

4000 

.075 

.1742 

.0880 

.0472 

.1459 

18 

15 

5000 

.088 

.1776 

.0845 

.0510 

.1422 

21 

18 

0 

.025 

.1633 

.0991 

.0360 

.1569 
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0 

.025 

.1442 

.0226 

.0428 

.2407 

.00009 

.00005 

Lower  contacts  12  in.  below  top. 

1000 

.040 

.1468 

.0203 

.0458 

2383 

11 

7 

2000 

.053 

.1497 

.0172 

.0490 

.2351 

14 

9 

3000 

.065 

.1528 

.0140 

.0524 

.2315 

17 

12 

4000 

.078 

.1560 

.0109 

.0558 

.2281 

19 

15 

5000 

.090 

.1593 

.0075 

.0596 

.2244 

23 

18 

6000 

.119 

.1650 

.0018 

.0675 

.2166 

.00029 

.00023 

7000 

.171 

.1760 

.4910 

.0848 

.2004 

46 

31 

8000 

.228 

.1850 

.4818 

.0994 

,1852 

60 

6i 

9000 

.275 

.1948 

.4722 

.1137 

.1801 

75 

45 

First  visible  crack  2  in.  inside  N. 

10000 

.328 

.2030 

.4636 

.1269 

.1569 

86 

51 

load  at  9500. 

11000 

.384 

.2120 

.4542 

.1401 

.1434 

.00098 

.00058 

Several  cracks  visible  within  mid- 

12000 

.428 

.2207 

.4454 

.1525 

.1310 

110 

65 

dle  third  11000-12000. 

13000 

.484 

.2300 

.4361 

.1654 

.1182 

122 

72 

Manner  of  failure:  Vertical  cracks 

14000 

.540 

.2399 

.4263 

.1792 

.1042 

135 

80 

through  full  width  of  beam  every 

15000 

.581 

.2489 

.4172 

.1912 

.0923 

146 

87 

4  to  8  in.  of  middle  third.  Load 
reached  20600  lb.  and  then 

16000 

.640 

.2595 

.4063 

.2051 

.0782 

.00158 

.00096 

dropped  slowly.  Lower  fibers 

17000 

.703 

.2705 

.3950 

.2191 

.0640 

171 

105 

elongated  rapidly,  accompanied 

18000 

.765 

.2818 

.3833 

.2336 

.0490 

184 

116 

by  the  rapid  widening  of  several 

19000 

.840 

.2960 

.3686 

.2509 

.0313 

197 

130 

cracks.  After  c  o  n  s  i  d  e  r  a  b  le 

20000 

.984  .3281 

.3353 

.8005 

.4815 

245 

153 

further  deflection  concrete  final- 
ly crushed  out  at  top  surface. 
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BEAM  NO.  3.- 

-3  ^IN 

.  Johnson  Bars. 

o 

Extensometer  Reading  Deformation 

TS  JD 

' 

Remarks 

.S"" 

<1 

CD 
ft 

1 

II 

III 

IV   Steel 

i 

Upper 
Fiber 

0 

.000 

.0792 

.0968 

.2590 

.4385  .00000 

.00000 

Upper  contacts  1  in.  below  top. 

1000 

.013 

.0829 

.0945 

.2606 

.4365 

1 

2 

Lower  contacts  12  in.  below  top. 

2000 

.021 

.0871 

.0922 

.2624 

.4347 

2 

4 

Gauge  length  60|  in. 

3000 

.031 

.0930 

.0893 

.2652 

.4314 

5 

7 

4000 

.053 

.1000 

.0869 

.2687 

.4275 

8 

9 

4000 

.053 

.1039 

.0832 

.2672 

.4293 

.00008 

.00009 

3000 

.046 

.1024 

.0849 

.2654 

.4303- 

7 

7 

2000 

.031 

.1005 

.0868 

.2631 

.4320 

6 

6 

1000 

.021 

.0983 

.0891 

.2605 

.4342 

3 

4 

0 

.015 

.0960 

.0915 

.2587 

.4365 

3 

2 

■ 

0 

.015 

.0938 

.0907 

.2636 

.4319 

.00003 

.00002 

1000 

.021 

.0960 

.0884 

.2653 

.4300 

4 

3 

2000 

.031 

.0979 

.0863 

.2672 

.4280 

5 

5 

3000 

.046 

.1001 

.0840 

.2692 

.4258 

7 

7 

4000 

.053 

.1024 

.0814 

.2714 

.4232 

8 

10 

5000 

.071 

.1069 

.0764 

.2773 

.4170 

14 

14 

6000 

.146 

.1202 

.0609 

.3010 

.3905 

.00038 

.00023 

First  cracks  4  in.  inside  each 

7000 

.240 

.1362 

.0430 

.3322 

.3573 

70 

34 

load  at  6000. 

gooo 

.315 

.1480 

.0300 

.3541 

.3347 

92 

40 

9000 

.391 

.1590 

.0176 

.3760 

.3125 

112 

49 

10000 

.469 

.1700 

.0054 

.3962 

.2917 

133 

57 

11000 

.553 

.1806 

.4940 

.4157 

.2711 

.00152 

.00066 

Manner  of  failure,  similar  to 

12000 

.646 

.1943 

.4808 

.4374 

.2468 

174 

72 

Beam  No.  2.  Max.  load  = 

13000 

1.181 

14000  lb. 

BEAV1 

NO.  4 

.—5  J-iN.  Kahn  Bars. 

0  1 

.000  .1433  .1944  .4712 

.1996 

.00000 

.00000 

Upper  contacts  1  in. 

below  top. 

1000 

.015J.1458  .1919  .4733 

.1969 

2 

2 

Lower  contacts  7  in. 

below  top 

2000, 

.0341.1488  .1886  .4766 

.1935 

5 

5 

Guage  length  61i  in. 

3000 

.046  .1523'.  1850  .4802 

.1900 

7 

8 

4000' 

.056  .1569. 1803  .4849 

.1851 

11 

13 

4000 

056  .1543'.  1762  .4898 

.2201 

11 

13 

0  i 

.015 

.1444 

.1860  .4781 

.2300 

02 

04 

0 

.015 

.2836 

.2855 

.1190  .0464 

.3603 

.00002 

.00004 

Lower  contacts  11  in 

below  top. 

1000 

.024 

.1169 

.0489 

.3575 

5 

5 

2000 

.034  .2881 

.1147 

.0513 

.3549 

6 

8 

3000 

.043  .2909,.  1118 

.0538 

.3520 

9 

10 

4000 

.055  .2940 

.1088 

.0568  .3490 

11 

13 

5000 

.068  .2974 

.1055 

.0606  .3452 

14 

16 

6000 

.086  .3021 

.1008 

.0658 '.3398 

.00019 

.00020 

7000 

.130,.  3078 

.0952 

.0727 

.3329 

25 

25 

8000 

.1411.3145 

.0896 

.0796 

.3258 

30 

30 

Crack  just  outside  N 

.  load,  8000 

9000 

.180  .3198 

.0835 

.0873 

.3180 

37 

34 

10000 

.212  .3263 

.0771 

.0952 

.3100 

44 

39 

52 
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BEAM  NO 

.  4.— c 

^-iN.  Kahn  Bars.  {Continued.) 

73 
O 

o 

Extensometer  Reading 

Deformation 

-ca 

1           ,   Remarks 

I 

11 

III 

IV 

Steel  Upper 

Q 

Fiber 

-< 

- 

1 

11000 

.243  .3327  .0711 

.1027  .3026 

.00050'  .00045  Crack  just  outside  S.  load,  11000 

12000 

.266'.. 3376  .0660 

.1090  .2965 

57|    49 

13000 

.305 '.3438  .0600 

.1168  .2891 

62    54 

14000 

.324 '.3502 '.0539 

.1243  .2820 

69    60  Extensometer  III  reset,  14000. 

14000 

1     1 

.12851 

15000 

.368  .3566'. 0477 

1 

.1347j.2749 

73    65 

16000 

.386 

.3630  .0417 

.1419  .2638 

.00082  .00070  Crack  in  middle,  16000. 

17000 

.430 

.3693  .0356 

.1492  .2607 

87    77i 

18000 

.461 

.3755 

.0294 

.1565 

.2549 

92    82  Manner  of  failure  similar  to 

19000 

.493 

.3831 

.0221 

.1652 

.2457 

98    88.  Beam  No.  2.  Max.  load  = 

20000 

.524 

.3905 

.0150 

.1734 

.2380 

106    95!  23000  lb. 

21000 

..549 

.3972 

.0085 

.1618 

.2283 

113   100 

BEAM  NO.  5.-3  ^m.  Kahn  Bars. 


0 

.000 

.02951.1553  .0136 

.3722 

.00000  .00000 

Upper  contacts  1  in.  below  top. 

1000 

.013 

.03171. 1532'. 0159 

.3693 

2     2 

Lower  contacts  7i  in.  below  top. 

2000 

.031 

.0354  .14971.0197 

.3650 

5|    5 

Gauge  length  61^  in. 

3000 

.056 

.0395  .14511.0250 

.3595 

10,     8 

3000 

.056 

.0373  .1447  .0270 

.3638 

10,    8 

0 

.020 

.0305  .1522  .0182 

1 

.3710 

4!     2 

0 

.020 

.3349  .4277  .2980 

.1721 

.00004  .00002 

Lower  contacts  12  in.  from  top. 

1000 

.033 

.3373'. 4253  .3005 

.1641 

6     4 

2000 

.051 

.3400  .4224.3035 

.1660 

8     7 

3000 

.058 

.3433!.  4191 '.3070 

.1635 

11    10 

4000 

.076 

.3478  .4143  .3127 

.1607 

16    14 

5000 

.108 

.3546'. 4074  .3216 

.1549 

21    19 

6000 

.151 

.3630  .3984  .3331 

.1421 

.00034  .00026 

7000 

.195 

.3705  .39041.3434 

.1408 

43    32 

8000 

.245 

.3786  .3814 

.3555 

.1284 

54    38 

9000 

.283 

.3861  .3733 

.3663 

.1200 

64    44  First  visible  crack  6  in.  outside 

10000 

.326 

.3933  .3659 

.3770 

.1095 

73    50  N.  load  at  12000. 

1     1 

11000 

.370 

.4000  .3583 

.3872 

.1060 

.00083  .00057 

12000 

.414 

.4084 

.3494 

.3985 

.1045 

93    64  Method  of  failure  similar  to 

13000 

.458 

.4150 

.3419 

.4082 

.0952 

101'    70  Beam  No.  2.  Max.  load  = 

14000 

1.095 

;  15000  lb. 

15000 

3.52 

! 

BEAM  NO.  7.-3  ^-in.  Johnson  Bars. 


0 

1000 
2000 
3000 
3000 

0 


.000  .4648  .1100 
.013  .4652  .1077 
.025  .4675  .1054 


.038 
.038 
.006 


.4705  .1021 
.4705  .1021 
.4647  .1076 


.1160 

.1704 

.1171 

.1675 

.1193 

.1648 

.1221 

.1616 

.1214 

.1647 

.1159 

.1695 

.00000  .00000 Upper  contacts  li  in.  below  top. 

2  1  [Lower  contacts  65-  in.  below  top. 

3  3  Gauge  length  60i  in. 
6  6| 

6  6 

2  1 
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BEAM 

NO. 

7.-3^ 

-IN.  Johnson 

Bars.  ( Continued. ) 

1 

.2 

o 

Extensometer  Reading 

Deformation 

%a 

Remarks 

(Hi 

a 

I 

II 

Ill 

IV 

Steel  • 

Upper 
Fiber 

-!l 

0 

.006 

.0994 

.2099 

.3788 

.1418 

.00002 

.00001 

Lower  contacts  8J  in.  below  top. 

1000 

.019 

.1015 

.2088 

.3804 

.1395 

4 

3 

2000 

.025 

.1036 

.2058 

.3822 

.1375 

5 

5 

3000 

.031 

.  1059 

.2034 

.3842 

.1353 

6 

8 

3000 

.031 

.1082 

.2035 

.3868 

.1379 

6 

8 

0 

.006 

.1029 

.2093 

.3814 

.1430 

2 

2 

0 

.006 

.1545 

.3359 

.4052 

.3585 

.00002 

.00002 

Lower  contacts  10]-  in.  below  top. 

1000 

.019 

.1565 

.3351 

.4069 

.3561 

4 

3 

2000 

.025 

.1582 

.3332 

.4088 

.3542 

6 

5 

3000 

.031 

.1607 

3209 

.4114 

.3518 

8 

7 

3000 

.031 

.1601 

.3288 

.4087 

.3555 

8 

7 

0 

.006 

.1552 

.3248 

.4025 

.3612 

2 

3 

0 

.006 

.4719 

.3099 

.4639 

.1575 

.00002 

.00003 

Lower  contacts  12|-  in.  below  top. 

1000 

.019 

.4742 

.3074 

.4660 

.1553 

4 

6 

2000 

.025 

.4760 

.3055 

.4677 

.1534 

6 

8 

3000 

.031 

.4785 

.3030 

.4701 

.1510     7 

10 

4000 

.044 

.4811 

.3002 

.4728 

.1480 

9 

13 

5000 

.069 

.4870 

.2938 

.4805 

.1397 

17 

18 

6000 

.119 

.5070 

.2831 

.4978 

.1220 

.00033 

.00027 

7000 

.206 

.5134 

.2655 

.0297 

.0921 

63 

38 

8000 

.306 

.5300 

.2484 

.0614 

.0614 

93 

50 

First  visible  crack,  8000  lb. 

9000 

.419 

.5422 

.2361 

.0850 

.0385 

114 

56 

10000 

.456 

.5557 

.2223 

.1090 

.0145 

137 

68 

11000 

.506 

.5653 

.2123 

.1280 

.4970 

.00155 

.00075 

Method  of  failure  similar  to 

12000 

.581 

.5773 

.2002 

.1507 

.4755 

177 

83 

Beam  No.  2.   Max.  load  = 

13000 

.668 

.5891 

.1884 

.1723 

.4546 

200 

90 

14000  lb. 

BEAM  NO.  9.-3  ^in.  Ransome  Bars. 


.000 
.013 
.019 
.031 
.0.31 
.006 

.006 
.019 
.025 
.037 
.050 
.075 


.1472 
,1490 
.1514 
.1541 
.1554 
,  1498 

,1492 
.1511 
.1532 
.  1555 
,1585 
,1632 


.0660 
.0639 
.0614 
.0587 
.0570 
.0639 

.0619 
.0601 
.0580 
.0558 
.0525 
.0480 


,1715 
.1732 
.1757 
,1783 
,1811 
,1755 

.1731 
.1749 
,1768 
,1788 
,1822 
,1876 


.1480 
.1461 
.1439 
.1409 
.1408 
.1458 

.1447 
.1411 
.1389 
.1370 
.1336 
.1282 


,00000 
1 
3 


.00002 
3 
4 
6 


13 


.00000 

2 
4 
7 
7 
1 

.00001 
2 
4 

7 
10 
14 


Upper  contacts  1^  in.. below  top. 
Lower  contacts  12^  in.  below  top. 
Gauge  length  61  in. 
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BEAM  NO.  9.— 3i-iN.  Ransome  Baes.  {Contmued.) 


o 

o 

Extensometer  Eeading 

Deformation 

^^ 

« 

Remarks 

'a 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

6000 

.112 

.1720 

.0389 

.2016 

.1140 

.00025 

.00020 

7000 

.175 

.1853 

.0253 

.2260 

.0903 

48 

31 

8000 

.250 

.1976 

.0127 

.2487 

.0679 

70 

38 

9000 

.300 

.2076 

.0023 

.2668 

.0501 

87 

46 

10000 

.362 

.2161 

.4935 

.2819 

.0350 

100 

52 

11000 

.412 

.2258 

.4833 

.2985 

.0185 

.00115 

.00059 

Several  visible  cracks,  11000  lb. 

12000 

.475 

.2353 

.4737 

.3146 

.0025 

130 

66 

13000 

.524 

.2447 

.4639 

.3274 

.4871 

143 

75 

14000 

.587 

.2546 

.4532 

.3448 

.4701 

159 

82 

15000 

.649 

.2646 

.4429 

.3612 

.4538 

177 

89 

16000 

.712 

.2754 

.4316 

.3787 

.4367 

.00190 

.00098 

17000 

.776 

.2871 

.4193 

.3974 

.4183 

205 

107 

18000 

.862 

.3005 

.4059 

.4193 

.3976 

223 

118 

Method  of  failure  similar  to 

19000 

.937 

.3170 

.3885 

.4469 

.3714 

250 

131 

Beam  No.  2.  Max.  load=22800 

20000 

1.046 

.3375 

.3683 

.4818 

.3389 

280 

144 

lb. 

BEAM  NO.    10.— 3  f-ix.  Thacher  Bars. 


0 

.000 

.2604 

.4109 

.0334 

.3019 

.00000 

.00000 

Upper  contacts  l}  in.  below  top. 

1000 

.006 

.2624 

.4090 

.0358 

.2995 

2 

2 

Lower  contacts  12i-  in.  below  top. 

2000 

.013 

.2650 

.4060 

.0383 

.2968 

4 

4 

Gauge  length  60i  in. 

3000 

.025 

.2681 

.4030 

.0413 

.2935 

7 

7 

3000 

.025 

.2681 

.4029 

.0427 

.2953 

7 

7 

0 

.000 

.2625 

.4082 

.0372 

.3005 

2 

2 

0 

.000 

.2619 

.4084 

.0370 

.2982 

.00002 

.00002 

1000 

.013 

.2637 

.4066 

.0388 

.2965 

4 

4 

2000 

.019 

.2659 

.4042 

.0409 

.2942 

5 

6 

3000 

.031 

.2683 

.4018 

.0442 

.2919 

7 

8 

4000 

.044 

.2711 

.3988 

.0465' 

.2886 

9 

11 

5000 

.057 

.2764 

.3932 

.0528 

.2821 

15 

16 

6000 

.094 

.2829 

.3867 

.0611 

.2747 

.00021 

.00022 

7000 

.132 

.2910 

.3787 

.0722 

.2624 

30 

28 

8000 

.169 

.2993 

.3714 

.0825 

.2518 

41 

35 

9000 

.219 

.3067 

.3631 

.0946 

.2398 

52 

41 

10000 

.257 

.3138 

.3560 

.1048 

.2297 

61 

46 

11000 

.307 

.3214 

.3483 

.1155 

.2190 

.00070 

.00053 

First  visible  cracks,  11000  lb. 

12000 

.344 

.3289 

.3407 

.1262 

.2085 

78 

60 

Manner  of  failure  similar  to 

13000 

.382 

.3350 

.3343 

.1345 

.2002 

87 

66 

Beam  No.  2.  Max.  load =16600 

14000 

.432 

.3430 

.3265 

.  1451 

.1895 

95 

72 

lb. 

15000 

.482 

.3533 

.3173 

.1601 

.1754 

108 

80 
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BEAM  NO.  13. — 7  ^-in.  Johnson  Bars. 


1 

J  ■ 

Q 

Extensometer  Reading 

Deformation 

^-^ 

+3 

Remarks 

~  1 — 1 

a; 
ft 

I 

11 

III 

IV 

Steel 

Upper 
Fiber 

0 

.000 

.2497 

.1107 

.2275 

.3525 '.00000 

.00000 

Upper  contacts  1}  in.  below  top. 

1000 

.007 

.2512 

.1086 

.2291 

.3507i    1 

2 

Lower  contacts  7i  in.  below  top. 

2000 

.013 

.2537 

.1060 

.2312 

.3480     3 

4 

Gauge  length  60|  in. 

3000 

.025 

.2564 

.1030 

.2340 

.3454 

5 

7 

3800 

.038 

.2596 

.0997 

.2372 

.3418 

8 

10 

3800 

.038 

.2600 

.1001 

.2403 

.3415 

8 

10 

0 

.007 

.2522 

.1081 

.2339 

.3484 

3 

2 

0 

.007 

.2498 

.0859 

.3537 

.4110 

.00003 

.00002 

Lower  contacts  10^  in.  below  top. 

1000 

.019 

.2513 

.0837 

.3541 

.4095 

4 

4 

2000 

.026 

.2.533 

.0815 

.3555 

.4075 

6 

6 

3000 

.032 

.2556 

.0790 

.3569 

.4054 

7 

8 

3000 

.032 

.2559 

.0809 

.3646 

.4053 

7 

8 

0 

.007 

.2499 

.0873 

.3639 

.4109 

3 

2 

0 

.007 

.3064 

.2844 

.1497 

.2151 

.00003 

.00002 

Lower  contacts  12^  in.  below  top. 

1000 

.020 

.3080 

.2825 

.1512 

.2132 

4 

4 

2000 

.032 

.3102 

.2803 

.1532 

.2111 

6 

6 

3000 

.039 

.3124 

.2780 

.1553 

.2092 

7 

8 

4000 

.044 

.3150 

.2752 

.1578 

.2065 

9 

11 

5000 

.062 

.3181 

.2722 

.1610 

.2035 

11 

14 

6000 

.075 

.3219 

.2681 

.  1655 

.1993 

.00015 

.00018 

7000 

.094 

.3270 

.2624 

.1718 

.1932 

20 

22 

8000 

.119 

.3328 

.2562 

.1800 

.1853 

27 

27 

9000 

.157 

.3407 

.2471 

.1927 

.1733 

36 

36 

10000 

.194 

.3476 

.2393 

.2041 

.1631 

48 

40 

11000 

.244 

.3556 

.2308 

.2153 

.1518 

.00056 

.00047 

12000 

.269 

.3613 

.2250 

.2232 

.1440 

64 

52 

13000 

.307 

.3678 

.2180 

.2319 

.1352 

71 

58 

14000 

.332 

.3737 

.2115 

.2397 

.1275 

78 

63 

15000 

.370 

.3789 

.2058 

.2464 

.1208 

84 

68 

16000 

.407 

.3869 

.1970 

.2572 

.1095 

.00093 

.00075 

17000 

.457 

.3945 

.1888 

.2671 

.0994 

102 

82 

18000 

.494 

.4010 

.1812 

.2753 

.0909 

109 

89 

First  visible  crack,  18000  lb. 

19000 

.532 

.4085 

.1732 

.2843 

.0818 

116 

96 

20000 

.559 

.4160 

.1654 

.2935 

.0725 

124 

103 

21000 

.609 

.4230 

.1579 

.3022 

.0638 

.00130 

.00109 

22000 

.647 

.4323 

.1481 

.3127 

.0535 

139 

118 

23000 

.697 

.4416 

.1378 

.3237 

.0425 

147 

127 

24000 

.734 

.4512 

.1279 

.3336 

.0330 

155 

137 

25000 

.784 

.4591 

.1194 

.3427 

.0240 

163 

144 

Manner  of  failure  similar  to 
Beam  No.  2.  Max.  load  =  29000 

26000 

.822 

.4694 

.1086 

.3534 

.0128 

.00171 

155 

lb.  Top  began  to  crush  after 

27000 

.884 

.4791 

.0980 

.3638 

.0022 

177 

170 

load  had  dropped  to  27800  lb. 

28000 

.947 

.4918 

.0842 

.3769 

.4887 

190 

177 

29000 

1.035 

.5100 

.0633 

.3975 

.4656 

204 

195 

56 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION. 
BEAM  NO.  14.— 4  *-in.  Kahn  Baks. 


T3 

3 

S 

Extensometer  Reading 

Deformation 

TS^ 

% 

Remarks 

a>-H 

1 

13 

P 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

0 

.000 

.2351 

.0177 

.1064 

.5541' 

.00000 

.00000 

Upper  contacts  IJ  in.  below  top 

1000 

.007 

.2374 

.0153 

.1084 

.5517 

1 

2 

Lowerjcontacts  12^  in.  below  top 

2000 

.013 

.2406 

.0121 

.1115 

.5487 

4 

5 

Gauge  length  61^  in. 

3000 

.025 

.2444 

.0081 

.1157 

.5449 

7 

9 

4000 

.038 

.2485 

.0038 

.1201 

.5407 

10 

13 

5000 

.063 

.2530 

.4993 

.1253 

.5358 

14 

17 

6000 

.088 

.2586 

.4934 

.1324 

.5292 

.00018 

.00023 

7000 

.145 

.2656 

.4860 

.1421 

.5195 

29 

28 

8000 

.183 

.2723 

.4788 

.1523 

.5098 

37 

34 

9000 

.233 

.2789 

.4724 

.1612 

.5012 

44 

39 

10000 

.270 

.2855 

.4659 

.1701 

.4924 

53 

46 

First  visible  crack,  10000  lb. 

11000 

.308 

.2922 

.4593 

.1787 

.4840 

.00060 

.00051 

12000 

.333 

.2983 

.4531 

.1865 

.4761 

66 

56 

13000 

.380 

.3045 

.4465 

.1948 

.4631 

73 

61 

14000 

.417 

.3112 

.4397 

.2030 

.4598 

80 

67 

15000 

.455 

.3180 

.4323 

.2120 

.4513 

87 

75 

16000 

.492 

.3242 

.4253 

.2209 

.4429 

.00093 

.00080 

Method  of  failure  similar  to 

17000 

.542 

.3324 

.4169 

.2.310 

.4327 

102 

87 

Beam  No.  2.  Max.  load  =  17200 

17200 

lb. 

16000 

.3212 

.4431 

.00314 

.00140 

BEAM  NO.  15 

. — 3  f-iN.  Thacher  Bars. 

0 

.000  .1560 

.3546 

.1813 

.1470 

.00000 

.00000 

Upper  contacts  IJ  in.  below  top 

1000 

.007  .1575 

.3528 

.1829 

.1450 

1 

2 

Lower  contacts  12}  in.  below  top 

2000 

.013  .1599 

.3504 

.1851 

.1427 

3 

4 

Gauge  length  61}  in. 

3000 

.025  .1628 

.3473 

.1871 

.1394 

5 

6 

4000 

.037  .1662 

.3436 

.1919 

.1358 

8 

10 

5000 

.062  .1707 

.3388 

.1971 

.1301 

13 

15 

6000 

.088  .1767 

.3313 

.2058 

.1202 

.00021 

.00020 

7000 

.125  .1842 

.3233 

.2168 

.1078 

30 

26 

8000 

.175  .1910 

.3159 

.2275 

.0965 

41 

31 

9000 

.213  .1988 

.3077 

.2393 

.0841 

52 

37 

10000 

.250  .2062 

.3003 

.2498 

.0724 

62 

44 

11000 

.300,.  2122 

.2937 

.2591 

.0620 

.00070 

.00049 

First  visible  crack,  11000  lb. 

12000 

.337 

.2194 

.2863 

.2698 

.0509 

80 

54 

12000 

.0520 

1 

Extensometer  IV  rests,  12000  lb. 

13000 

.365 

.2259 

.2792 

.2795 

.0421 

.00090  .00060 

14000 

.415 

.2,329 

.2714 

.2902 

.0307 

100    65 

15000 

.465 

.2405 

.2627 

.3030 

.0175 

111    72 

16000 

.515 

.2518 

.2488 

.3231 

.4930 

.001,32  .00080 

17700 

1,462 

Method  of  failure,  similar  to 

17800 

1.525 

Beam  No.  2.  Max.  load  = 

18000 

1.688 

18400  lb. 

TALBOT — TESTS    OF    REESTPOKCED    CONCRETE    BEAMS. 
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BEAM  NO 

.  16.- 

3  ^IN. 

Plain 

Square  Bars. 

1-1 

.2 

'-♦3 
o 

01 

Extensometer  Reading 

Deformation 

^5 

Remarks 

1 

11 

111 

IV 

Steel 

Upper 

^ 

ft 

Fiber 

<1 

0 

.000 

.1836 

.1677 

.3418 

.2158 

.00000 

.00000 

Upper  contacts  li  in.  below  top. 

1000 

.007  .1855 

.1654 

.3435 

.2145 

1 

2 

Lower  contacts  12^^  in. below  top. 

2000 

.013  .1884 

.1622 

.3464 

.2104 

4 

5 

Gauge  length  60|  in. 

3000 

.031  .1921 

.1582 

.3503 

.2066 

7 

9 

4000 

.0681.1971 

.1528 

.3564 

.2005 

12 

14 

5000 

.118 

.2065 

.1427 

.3703 

.1863 

24 

22 

6000 

.181 

.2209 

.1280 

.3932 

.1583 

.00048 

.00031 

7000 

.243 

.2309 

.1182 

.4105 

.1416 

64 

38 

8000 

.288 

.2419 

.1073 

.4287 

.1238 

81 

48 

First  visible  crack,  8000  lb. 

9000 

.338 

.2511 

.0982 

.4432 

.1100 

94 

54 

10000 

.375 

.2599 

.0897 

.4555 

.0975 

107 

61 

8600 

.2921 

.0575 

.0302 

.0248 

.00180 

.00079 

Manner  of  failure  similar  to 

9200 

.3359 

.0131 

.1302 

.4238 

277 

104 

Beam  No.  2.  Max.  load=10000 

9000 

.39.33 

.4535 

.2602 

.2905 

415 

132 

lb. 

9000 

1.625 

.4936 

.3500 

.4830 

.0630 

576 

198 

BEAM  NO. 

17.— 

3  fiN. 

Plain  Square  Bars. 

0 

.000 

.4143 

.3755 

.1878 

.1772 

.00000 

.00000 

Upper  contacts  1}  in.  below  top. 

1000 

.012 

.4159 

.3739 

.1894 

.1752 

1 

1 

Lower  contacts  12^  in.  below  top. 

2000 

.025 

.4187 

.3709 

.1920 

.1723 

3 

4 

Gauge  length  60^  in. 

3000 

.037 

.4218 

.3673 

.1952 

.1688 

6 

8 

4000 

.062 

.4264 

.3623 

.2004 

.1630 

10 

12 

5000 

.112 

.4363 

.3508 

.2173 

.1445 

28 

19 

6000 

.187 

.4471 

.3383 

.2370 

.1245 

.00043 

.00028 

7000 

.250 

.4564 '.3279 

.2537 

.1078 

61 

36 

8000 

.300 

.46411.3190 

.2679 

.0945 

75 

43 

First  visible  cracks  just  inside 

9000 

.350 

.4720,.  3094 

.2828 

.0813 

88 

48 

each  load,  8000  lb. 

10000 

1 

Manner  of  failure,  similar  to 

8100 

4918  .2872 

.3350 

.0308 

137 

56 

Beam  No.  2,  Max.  load =10000 

9000 

.0713  .2030 

.0470 

.4170 

347 

93 

lb. 

BEA 

M  NO 

.  19.- 

-3  i-IN. 

Plain  Round  Bars. 

0 

.000 

.2002 

.3860 

.1165 

.1748 

.00000 

.00000 

Upper  contacts  li  in.  below  top. 

1000 

.007 

.2023 

.3846 

.1184 

.1726 

2 

2 

Lower  contacts  12^  in. below  top. 

2000 

.013 

.2055 

.3802 

.1213 

.1693 

4 

5 

Gauge  length  60^  in. 

3000 

.038 

.2092 

.3761 

.1252 

.1651 

7 

9 

4000 

.075 

.2171 

.3665 

.1368 

.1525 

18 

17 

5000 

.175 

.2357 

.3459 

.1699 

.1170 

50 

31 

First  crack  near  S.  load,  5000  lb. 

6000 

.250 

.2486 

.3319 

.1938 

.0940 

.00072 

.00040 

7000 

.312 

.2602 

.3200 

.2137 

.0740 

91 

50 

8000 

.387 

.2706 

.3090 

.2301 

.0564 

106 

56 

Manner  of  failure,  similar  to 

9000 

.487 

.2816 

.2973 

.2477 

.0385 

122 

66 

Beam  No.  2.  Max.  load  =  9200 

9200 

.737 

lb. 

8000 

.3594 

.2150 

.4385 

.3452 

304 

102 

58 


ILLINOIS    ENaiNEERING    EXPERIMEIfT    STATION. 
BEAM  NO.  20.— 5  ^in.  Johnson  Bars. 


.2 

Extensometer  Eeading 

Deformation 

'■+3 
o 

Remarks 

I 
.0213 

II 

III 

IV 

Steel 

Upper 
Fiber 

0 

.000 

.3191 

.1853 

.3705 

.00000 

.00000 

Upper  contacts  IJ  in.  below  top. 

1000 

.011 

.0234 

.3168 

.1874 

.3681 

2 

2 

Lower  contacts  12^  in.  below  top. 

2000 

.021 

.0264 

.3139 

.1901 

.3656 

3 

6 

Gauge  length  60|  in. 

3000 

.035 

.0301 

.3098 

.1934 

.3620 

6 

9 

4000 

.052 

.0346 

.3048 

.1985 

.3568 

10 

14 

5000 

.080 

.0413 

.2977 

.2070 

.3485 

17 

20 

5000 

.080 

.0407 

.2978 

.2095 

.3476 

.00017 

.00020 

4000 

.075 

.0395 

.2991 

.2082 

.3489 

16 

18 

2900 

.063 

.0366 

.3016 

.2056 

.3514 

14 

16 

2000 

056 

.0345 

.3038 

.2037 

.3535 

13 

14 

1000 

.045 

.0316 

.3071 

.2009 

.3564 

11 

11 

0 

.032 

.0285 

.3102 

.1979 

.3596 

8 

8 

0 

.032 

.0311 

.3103 

,1977 

.3600 

.00008 

.00008 

1000 

.041 

.0330 

.3081 

.1998 

.3577 

10 

10 

2000 

.051 

.0360 

.3051 

.2026 

.3549 

12 

13 

3000 

.062 

.0386 

.3022 

.2053 

.3521 

14 

15 

4000 

.075 

.0420 

.2988 

.2085 

.3490 

16 

18 

5000 

.089 

.0454 

.2953 

.2124 

.3450 

20 

22 

6000 

.127 

.0536 

.2867 

.2241 

.3337 

.00029 

.00029 

7000 

.169 

.0633 

.2770 

.2382 

.3198 

42 

36 

8000 

.229 

.0754 

.2647 

.2565 

.3022 

57 

47 

9000 

.275 

.0853 

.2552 

.2708 

.2885 

70 

54 

First  visible  crack,  9000.  lb. 

10000 

.331 

.0970 

.2442 

.2872 

.2718 

86 

62 

10000 

.331 

.0991 

.2436 

.2888 

.2724 

.00086 

.00062 

8000 

.309 

.0942 

.2487 

.2823 

.2787 

79 

59 

4000 

.230 

.0759 

.2670 

.2580 

.3025 

59 

44 

0 

.130 

.0581 

.2901 

.2289 

.3316 

34 

27 

0 

.130 

.0530 

.2911 

.2254 

.3320 

.00034 

.00027 

1000 

.141 

.0560 

.2880 

.2294 

.3289 

36 

30 

2000 

.160 

.0605 

.2833 

.2352 

.3231 

41 

34 

3000 

.185 

.0660 

.2777 

.2435 

.3159 

48 

38 

4000 

.209 

.0710 

.2725 

.2503 

.3091 

54 

43 

5000 

.231 

.0764 

.2673 

.2573 

.3024 

59 

47 

6000 

.253 

.0812 

.2623 

.2641 

.2858 

.00066 

.00051 

7000 

.276 

.0864 

.2572 

.2711 

.2892 

71 

56 

8000 

.300 

.0916 

.2519 

.2781 

.2823 

77 

61 

9000 

.323 

.0974 

.2463 

.2857 

.2749 

84 

65 

10000 

.349 

.1032 

.2404 

.2937 

.2669 

90 

69 

11000 

.388 

.1110 

.2327 

.3050 

.2558 

.00101 

.00076 

12000 

.438 

.1201 

.2238 

.3179 

.2431 

112 

83 

13000 

.488 

.1303 

.2140 

.3313 

.2300 

124 

92 

14000 

.548 

.1415 

.2028 

.3459 

.2157 

137 

102 

15000 

.593 

.1544 

.1902 

.3614 

.2003 

148 

114 

TALBOT — TESTS    OF   REINFORCED    CONCRETE    BEAMS. 
BEAM  NO.  20. — 5  ^-xn.  Johnson  Bars.   {Continued.) 
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1 

o 

o 

Extensometer  Reading 

Deformation 

en 

Eemarks 

OJ^ 

P 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

15000 

.593 

.1547 

.1888 

.3642 

.2005 

.00148 

.00114 

12000 

.558 

.1450 

.1985 

.3495 

.2353 

135 

106 

10000 

.509 

.1353 

.2082 

.3354 

.2293 

122 

98 

8000 

.454 

.1242 

.2193 

.3193 

.2450 

109 

89 

5000 

.369 

.1056 

.2376 

.2937 

.2707 

86 

72 

0 

.218 

.0683 

.2750 

.2472 

.3174 

46 

41 

0 

.218 

.0673 

.2771 

.2431 

.3186 

.00046 

.00041 

1000 

.235 

.0710 

.2733 

.2468 

.3145 

50 

44 

2000 

.260 

.0768 

.2674 

.2538 

.3075 

56 

49 

3000 

.290 

.0837 

.2606 

.2625 

.2983 

63 

55 

4000 

,324 

.0906 

.2535 

.2720 

.2893 

71 

61 

5000 

.356 

.0970 

.2473 

.2804 

.2808 

79 

67 

6000 

.387 

.1033 

.2407 

.2894 

.2720 

.00086 

.00072 

8000 

.448 

.1161 

.2279 

.3072 

.2545 

102 

82 

10000 

.507 

.1288 

.2153 

.3247 

.2371 

117 

93 

12000 

.565 

.1407 

.2031 

.3414 

.2207 

132 

102 

14000 

.628 

.1539 

.1900 

.3792 

.2032 

147 

115 

16000 

.703 

.1700 

.1740 

.3797 

.1827 

.00165 

.00127 

Manner  of  failure,  similar  to 

18000 

.809 

.1920 

.1517 

.4063 

.1565 

188 

149 

Beam  No.  2.  Max.  load =20900 

20000 

.963 

.2260 

.1180 

.4444 

.1200 

217 

178 

lb. 

BEAM  NO 

21.— 

3  J-IN. 

Plain  Eound  Bars. 

0 

.000 

.4822 

.3274 

.1027 

.3799 

.00000 

.00000 

Upper  contacts  IJ  in.  below  top. 

1000 

.009 

.4842 

.3256 

.1043 

.3780 

1 

2 

Lower  contacts  12}  in.  below  top. 

2000 

.020 

.4869 

.3228 

.1069 

.3752 

3 

5 

Gauge  length  60 J  in. 

3000 

.032 

.4901 

.3194 

.1102 

.3618 

6 

8 

4000 

.057 

.4964 

.3131 

.1180 

.3634 

13 

13 

5000 

.125 

.5116 

.2980 

.1411 

.3377 

35 

25 

4500 

.5123 

.2991 

.1448 

.3382 

.00035 

.00025 

Load  ran  down  to  4500  lb.  while 

3500 

.114 

.5098 

.3013 

.1424 

3408 

33 

22 

readings  were  being  taken. 

3000 

.109 

.5083 

.3027 

.1409 

..3425 

33 

21 

First  visible  cracks  under  each 

2000 

.095 

.50.52 

.3059 

.1370 

.3464 

28 

18 

load  at  5000  lb. 

1000 

.079 

.5005 

.3096 

.1328 

.3507 

25 

14 

0 

.062 

.4976 

.3136 

.1279 

.3559 

21 

12 

0 

.062 

.0011 

.3130 

.1279 

.3570 

.00021 

.00012 

1000 

.072 

.0034 

.3107 

.1305 

.3541 

22 

13 

2000 

.085 

.0066 

.3075 

.1347 

.3501 

26 

16 

3000 

.100 

.0100 

.3041 

.1389 

.3409 

30 

19 

4000 

.117 

.0136 

.3003 

.14,37 

.3411 

34 

22 

5000 

.139 

.0191 

.2950 

.1514 

.3.333 

41 

26 

6000 

.194 

.0296 

.2846 

.1700 

.3148 

59 

33 

7000 

.268 

.0440 

.2712 

.1963 

.2874 

84 

43 

8000 

.330 

.0568 

.2583 

.2180 

.2662 

105 

53 

60 


ILLINOIS    ENGHSTEERLNG   EXPERIMENT    STATION. 
BEAM  NO.  21.— 3  J-in.  Plain  Round  Baes.  {Continued.) 


^ 

o 

o 

Extensometer  Reading 

Deformation 

o 

<D 

cm 

Remarks 

.2 

< 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

7800 

.320 

.0552 

.2593 

.2191 

.2658 

.00105 

.00053 

6000 

.293 

.0493 

.2650 

.2107 

.2743 

98 

48 

3900 

.203 

.0397 

.2743 

.1965 

.2884 

85 

41 

2000 

.0295 

.2845 

.1805 

.3045 

70 

33 

0 

.145 

.0159 

.2977 

.1597 

.3261 

48 

23 

/ 

0 

.145 

.0145 

.2982 

.1591 

.3269 

.00048 

.00023 

2000 

.178 

.0226 

.2913 

.1701 

.3159 

60 

30 

4000 

.227 

.0334 

.2795 

.1871 

.2986 

76 

38 

6000 

.278 

.0445 

.2686 

.2050 

.2810 

93 

46 

7000 

.303 

.0500 

.2634 

.2138 

.2721 

101 

51 

8000 

.333 

.0564 

.2568 

.2243 

.2615 

111 

54 

Manner 

of  failure 

similar  to 

9000 

Beam  No 

.  2.  Max. 

load =9000 

7500 

.0747 

.2374 

.2725 

.2125 

160 

63 

lb. 

BEAM  NO.  22.-3  f-iN.  Kahn  Baks. 


^^ 

Deformation 

o 

Extensometer  Reading 

o 

yA 

Contacts 

Contacts 

'^A 

o 
Q 

11  in.  apart 

6  in.  apart 

Remarks 

< 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

Steel 

Upper 
Fiber 

0 

.000 

.3660 

.0227 

.3319 

.2852 

.00000 

.00000 

.00000 

.00000 

1000 

.016 

.3635 

.0248 

.3346 

.2839 

2 

3 

1 

3 

2000 

.036 

.3598 

.0283 

.3389 

.2807 

4 

7 

3 

7 

>|-^si|^3^ 

3000 

.057 

.3555 

.0321 

.3435 

.2768 

1 

11 

6 

12 

sl-g^^^lllg^ 

4000 

.081 

.3508 

.0363 

.3490 

.2723 

10 

16 

10 

17 

4900 

.110 

.3446 

.0425 

.3551 

.2667 

15 

22 

15 

22 

^•';i^  g-s-^  ^.S  £  ° 

6000 
7000 
8000 

.144 
.176 
.210 

.3383 
.3320 
.3257 

.0502 
.0567 
.0639 

.3621 
.3687 
.3754 

.2609 
.2544 

.2485 

.00022 
27 
33 

.00028 
35 
41 

.00020 
25 
34 

.00030 
36 
43 

to  tes 
tacts  1 2 
th  case 
6  in.  al 
the  coi 
attache 
he  upp 
were  6 
iks  ba 
\i  max. 

9000 

.243 

.3189 

.0711 

.3825 

.2422 

39 

48 

36 

50 

X3  O^  &p.-o  m  ^   St3 

10000 
11000 

.279 
.315 

.3122 
.3049 

.0784 
.0854 

.3896 
.3975 

.2360 
.2297 

46 
.00051 

55 

.00062 

41 
.00046 

56 
.00064 

rrange 
pper  c 
in.  in 
I  beii 
ove  II 
V  wer 
abov 
contact 
eral  c 
auckle 

12000 

.351 

.2977 

.0923 

.4054 

.2233 

56 

70 

52 

72 

ter  device  a 
section.  Allu 
'e  length  56| 
to  one  yoke 
md  23  in.  ab 
.     Ill  and  I 
I  being  6-|  in 
ove  IV;  the  ( 
failure — Sev 
Top  surface 

12800 

.390 

.2894 

.0997 

.4139 

.2166 

62 

79 

58 

81 

14000 

.432 

.2808 

.1073 

.4231 

.2097 

68 

88 

63 

90 

14800 

.473 

.2718 

.1153 

.4328 

.2026 

73 

98 

68 

100 

16000 

.510 

.2631 

.1230 

.4427 

.1954 

.00079 

.00108 

.00074 

.00110 

17000 

.558 

.2536 

.1310 

.4533 

.1880 

86 

117 

79 

122 

;nsome 
plane 
d  gau§ 
tached 
ntact  a 

apart 
ke,  II 

in.  ab 
ner  of 
000  lb. 

18000 

.600 

.2439 

.1390 

.4638 

.1807 

91 

128 

84 

133 

19000 

.661 

.2281 

.1502 

.4803 

.1710 

97 

147 

90 

151 

20000 

.725 

.2309 

.1819 

.4988 

.1600 

97 

I'^itS  O  CS  C6  O.S  >^(M  ni(M 

1 

IS            S 
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BEAM  NO.  22.-3  f-iN  Kahn  Bars.   {Continued. 


Deformation 


21000 
22000 
23000 
23600 


o    Extensometer  Reading 


P 


I     I 
i 


II 


III      IV 


.773  .1978  .1705  .0132  .1523 

.845  .1764  .1838  .0356  ;1401 

!.1472  .2020  .0673  .1234 

i.l285  .21 55'. 0880  .1110 


Contacts 
11  in.  apart 

Steel   ^PP*^"^ 
'-^*^®^    Fiber 


.00109  .00182 


115 
125 
134 


205 
241 
261 


Contacts 
6  in.  apart 


steel    Upper 
^^®®^    Fiber 


,00102 
109 
120 
127 


.00187 
210 
246 
270 


Remarks 


BEAM  NO.  27.- 

-4  |-IN 

.  Plain  Square  Bars. 

O 

a 
_o 

a; 

CD 

P 

Extensometer  Reading 

Deformation. 

Contacts 
11  in.  apart 

Contacts 
8 J  in.  apart 

Remarks 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

Steel 

Upper 
Fiber 

0 

.000 

.0389 

.4834 

.2558 

.4091 

.00000 

.00000 

.00000 

.00000 

§^ii^^   & 

1000 

.012 

.0371 

.4847 

.2578 

.4082 

1 

2 

0 

2 

2000 

.018 

.0348 

.4864 

.2603 

.4067 

2 

5 

1 

■  4 

3000 

.031 

.0320 

.4888 

.2635 

.4045 

b 

8 

;:> 

8 

js^  S  3^  cut:;   o 

4000 
5000 

6000 

.043 
.056 

.081 

.0291 
.0251 

.0215 

.4913 

.4950 

.4989 

.2668 
.2709 

.2751 

.4021 
.3987 

.3947 

5 
8 

.00012 

11 
15 

.00019 

5 

8 

.00011 

12 
16 

.00020 

7000 

.106 

.0167 

.0043 

.2807 

.3892 

16 

23 

17 

24 

g  ..^  =«i5t3  "^ 

8000 

.131 

.0116 

.0103 

.2865 

.3830 

21 

28 

22 

30 

o  :zr'  m  ^'  "^  ^   ^ 

9000 

.162 

.0058 

.0169 

.2932 

.3761 

26 

33 

29 

35 

10000 

.187 

.0008 

.0232 

.2989 

.3700 

32 

39 

35 

40 

11000 

.212 

.4954 

.0298 

.3048 

.3640 

.000.39 

.00044 

.00040 

.00045 

5  S  ?,'St>  OJ   a; 

12000 

.243 

.4902 

.0361 

.3110 

.3578 

44 

49 

45 

51 

13000 
14000 

.270 
.294 

.4852 
.4815 

.0423 

.0479 

.3168 
.3221 

.3519 
.3467 

50 
56 

55 
56 

51 
56 

56 
61 

15000 

.331 

.4748 

.0546 

.3286 

.3404 

62 

63 

62 

68 

<:«  -g  S  u  H  >  .S  -tl  „ 

16000 
17000 
18000 

.356 
.394 
.419 

.4687 
.4638 
.4572 

.0612 
.0669 
.0732 

.3352 
.3408 
.3470 

.3343 
.3292 
.3237 

.00066 

71 
76 

.00070 

74 
81 

.00067 
71 
76 

.00074 
79 
86 

.a^^H  ^    -^00  cs 

^ "  ^  =^  a-s  1^  >< 

19000 

.443 

.4523 

.0797 

.3534 

.3178 

83 

86 

83 

92 

^  g.  05  ^  .  CO  3,  .^a  g 

20000 

.481 

.4459 

.0862 

.3605 

.3118 

88 

,  92 

86 

99 

21000 

.506 

.4400 

.0925 

.3670 

.3060 

.00093 

.00099 

.00092 

.00106 

22000 
23000 

.537 

.570 

.4337 
.4270 

.0993 
.1062 

.3739 
.3811 

.2998 
.2934 

99 
104 

104 
111 

97 
102 

111 
118 

^'^  S  •  .3  fe  "  ^  u3  Q> 

24000 
25000 

.606 
.643 

.4193 
.4109 

.1140 
.1231 

.3900 
.3988 

.2863 
.2789 

111 
118 

120 

128 

108 
115 

127 
•   136 

0)  CO  c  03  9  ?^    t^ 
^  UO  ."  +2  >^h-(    o 

26000 

.681 

.4043 

.1289 

.40621.2728 

122 

134 

120 

144 
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BEAM  NO.  28.-6  J-in.  Johnson  Baks. 


O 

la 

Ok 
< 

.2 

Extensometer  Reading 

Deformation 

<s    - 

P 

Remarks 

I 

II 

III 

IV 

Steel 

Jpper 
Fiber 

0 

.000 

0709 

.2507 

3389 

4191 

.00000 

.00000  Upper  contacts  1^  in.  below 

top. 

1000 

.012 

0730 

.2484 

3408 

.4173 

1 

2- 

jower  contacts  12^  in.  below 

top. 

2000 

.025 

0759 

.2454 

3433 

.4147 

3 

5 

Gauge  length  60^  in. 

3000 

.037 

.0791 

.2417 

3464 

.4114 

5 

9 

4000 

.062 

.0831 

.2375 

3499 

.4075 

8 

13 

4000 

.062 

.0836 

.2341 

.3498 

.4057 

.00008 

.00013 

2700 

.050 

.0813 

.2364 

.3479 

.4078 

6 

10 

2000 

.0798 

.2379 

.3464 

.4093 

5 

9 

1000 

.031 

.0775 

.2405 

.3443 

.4116 

4 

6 

0 

.018 

.0752 

.2434 

.3420 

.4141 

2 

4 

0 

.018 

.0709 

.2466 

.3428 

.4154 

.00002 

.00004 

1000 

.030 

.0730 

.2444 

.3443 

.41.35 

3 

6 

2000 

.049 

.0755 

.2418 

.3463 

.4112 

5 

8 

3000 

.055 

.0778 

.2393 

.3484 

.4091 

6 

11 

4000 

.061 

.0805 

.2364 

.3508 

.4064 

8 

14 

5000 

.074 

.0841 

.2327 

.3543 

.4027 

11 

1 

6000 

.093 

.0888 

.2274 

.3592 

.3973 

.00014 

.00022 

7000 

.118 

.0946 

.2215 

.3655 

..3905 

20 

27 

9000 

.180 

.1066 

.2082 

.3799 

..3751 

32 

40 

First  visible  crack,  9000  lb. 

11000 

.243 

.1185 

.1954 

.3936 

.3603 

44 

50 

13000 

.305 

.1307 

1820 

.4071 

.3458 

56 

63 

15000 

.368 

.1453 

.1663 

.4225 

.3297 

68 

78 

15000 

.368 

.1494 

.1607 

.4223 

.3314 

.00068 

.00078 

14000 

.362 

.1485 

.1616 

.4210 

.3328 

66 

76 

13000 

.356 

.1459 

.1642 

.4179 

.3360 

63 

75 

12000 

.344 

.1429 

.1674 

.4144 

.3397 

60 

71 

11000 

.325 

.1399 

.1708 

.4109 

.3431 

57 

69 

10000 

.306 

.1378 

.1741 

.4072 

.3471 

55 

66 

8000 

.281 

.1300 

.1811 

.3993 

.3551 

.00048 

.00060 

6000 

.244 

.1226 

.1890 

.3909 

.3639 

40 

51 

4000 

.206 

.1141 

.1980 

.3818 

.3732 

34 

43 

0 

.119 

.0960 

.2176 

.3612 

.3931 

18 

25 

0 

.119 

.0975 

.2225 

.3621 

..3942 

.00018 

.00025 

1000 

.0985 

.2205 

.364S 

.3912 

21 

26 

2000 

.143 

.1016 

.2169 

.3683 

.3872 

24 

30 

3000 

.156 

.105? 

.2125 

.3721 

.3829 

26 

33 

4000 

.181 

.109? 

.2080 

.377C 

.3777 

31 

35 

5000 

.194 

.113^ 

!  .2043 

.3811 

.3735 

33 

41 

700C 

.24c 

,  .121( 

)  .196C 

.390] 

.3642 

.00041 

.0004S 

■ 

900C 

1  .211 

)  .128' 

1  .1875 

.398^ 

5  .3550 

4^ 

5fc 

llOOC 

)  .mi 

)  .136i 

>  .179^ 

' .407' 

7  .3461 

5fc 

63 

1300( 

)  .m: 

}  .143! 

I  .lllA 

[  .415' 

1  ..3377 

6.- 

7C 

1500( 

)  .39^ 

}  .1515 

)  .162( 

) .425i 

^  .3276 

7C 

)    8C 

) 
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BEAM  NO.  28.-6  ' 

;-iN.  Johnson  Bars.  {Continued.) 

1 

.2 

.2 

Extensometer  Beading 

Deformation 

o 

Remarks 

p. 
< 

P 

I 

II 

III 

IV 

Steel 

Upper 
Fiber 

15000 

.393 

.1521 

.1618 

.4258 

.3267 

.00070 

.00080 

14000 

.381 

.1505 

.1635 

.4239 

.3286 

69 

78 

13000 

.369 

.1476 

.1663 

.4218 

.3317 

67 

75 

12000 

.356 

.1446 

.1695 

.4173 

.3350 

64 

72 

9000 

.306 

.1346 

.1802 

.4054 

.3469 

53 

63 

6000 

.244 

.1232 

.1923 

.3923 

.3605 

43 

51 

3000 

.194 

.1104 

.2060 

.3795 

.3749 

33 

39 

0 

.119 

.0960 

.2219 

.3640 

.3904 

21 

24 

0 

.119 

.0956 

.2271 

.3633 

.3900 

.00021 

.00024 

1000 

.131 

.0982 

.2245 

.3656 

.3876 

22 

27 

2000 

.150 

.1021 

.2203 

.3695 

.3834 

26 

30 

3000 

.169 

.1063 

.2160 

.3740 

.3785 

30 

35 

4000 

.181 

.1102 

.2114 

.3784 

.3740 

33 

40 

5000 

.206 

.1146 

.2070 

.3833 

.3690 

36 

43 

7000 

.244 

.1227 

.1982 

.3922 

.3597 

.00043 

.00051 

9000 

.281 

.1307 

.1897 

.4010 

.3505 

50 

60 

11000 

.319 

.1384 

.1812 

.4090 

.3413 

61 

66 

13000 

.356 

.1459 

.1732 

.4193 

.3325 

66 

73 

15000 

.394 

.1535 

.1649 

.4270 

.3237 

73 

81 

17000 

.456 

.1656 

.1520 

.4395 

.3085 

.00083 

.00093 

19000 

.518 

.1775 

.1410 

.4520 

.2954 

93 

103 

21000 

.593 

.1932 

.1220 

.4669 

.2795 

105 

121 

23000 

.669 

.2108 

.1019 

.4828 

.2632 

116 

139 

25000 

.756 

.2353 

.0755 

.0034 

.2415 

130 

166 

27000 

.869 

.2607 

.0480 

.0235 

.2205 

142 

192 

29000 

.981 

.2935 

.0150 

.0460 

.1958 

156 

228 

31000 

1.119 

.3250 

.4810 

.0689 

.1718 

169 

260 

Manner  of  failure — Top  crushed 

33000 

1.349 

.4002 

.4035 

.1142 

.1206 

192 

348 

out  at  max.  load,  34300  lb. 

BEAM  NO.  29. 

—6  J-iN.  Johnson  Bars. 

0 

.000 

.2041 

.0675 

.3647 

.4026 

.00000 

.00000 

Depth,  8  in. ;  length,  12  ft. ;  span, 

1000 

.0.37 

,1961 

.0720 

.3523 

.4150 

5 

7 

10  ft.,  8  in. 

2000 

.075 

.1849 

.0832 

.3355 

.4319 

12 

17 

Upper  contacts  1  in.  below  top. 

3000 

.137 

.1688 

.0993 

.3124 

.4553 

24 

30 

Lower  contacts  7  in.  below  top. 

4000 

.237 

.1441 

.1242 

.2794 

.4893 

42 

46 

Gauge  length,  48f  in . 

5000 

.337 

.1165 

.1523 

.2412 

.0285 

63 

65 

I  and  II  were  11  in.  above  upper 
contacts  and  23  in.  above  III 

6000 

,425 

,0922 

,1778 

.2075 

.0640 

.00081 

.00083 

and  IV. 

7000 

.525 

.0631 

.2071 

.1648 

.1083 

100 

107 

First  visible  crack,  2500  lb. 

8000 

.650 

.0335 

.2357 

.1200 

.1538 

119 

133 

9000 

.775 

.0007 

.2685 

.0678 

.2065 

139 

166 

10000 

.925 

.4643 

..3041 

.0075 

.2670 

156 

205 

11000 

1.087 

.4206 

.3469 

.4310 

.3445 

184 

250 

Manner  of  failure — Top  crushed 

11700 

1.524 

.3465 

.4192 

.2950 

.4818 

219 

338 

out  at  max.  load,  12200  lb. 
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BEAM  NO.  n.— Plain  Conceete. 


-^e, 


ft 


0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 


q3 


Extensometer  Reading 


.000  .0653 

,001  .0660 

,003  .0663 

,004'.  0666 

.006J.0671 

.007  .0676 

.009  .0682 

.012 

.015 

.018 

.022 

.023 

.028 

.031 


.0694 
.0701 
.0708 
.0715 
.0723 
.0735 


II 


,0529 
.0525 
.0522 
.0518 
.0514 
.0507 
.0502 
.0495 
.0488 
.0481 
.0473 
.0465 
.0457 
.0444 


III 


.3000 
.,3002 
.3007 
.3011 
.3015 
.3022 
.3028 
.3035 
.3042 
.3049 
.3058 
.3064 
.3075 
.3093 


IV 


.3853 
.3849 
.3847 
.3841 
.3837 
.3831 
.3825 
.3818 
.3811 
.3803 
..3795 
.3787 
.3777 
.3750 


Deformation 


Lower 
Fiber 


,000000 

5 

5 

12 

15 
21 

27 
35 
42 
48 
55 
65 
75 
96 


Upper 
Fiber 


.000000 
5 
8 
12 
17 
21 
27 
33 
40 
45 
53 
60 
68 
76 


Remarks 


Upper  contacts  Ij  in.  below  top. 
Lower  contacts  12J  in.  below  top. 
Gauge  length  61^  in. 


Manner  of  failure — Broke  sud- 
denly across  a  vertical  section 
near  the  S.  load  at  2600  lb.  Fail- 
ure occurred  while  no  load  was 
being  added  but  before  the  ex- 
tensometer dials  had  come  to 
rest. 


BEAM  NO.  18.— Plain  Concrete. 


0 

.000 

.1462 

.1123 

.3940 

.4605 

.000000 

.000000 

Upper  contacts  1}  in.. below  top. 

200 

.002 

.1465 

.1121 

.3942 

.4600 

3 

2 

Lower  contacts  12^  in.  below  top. 

400 

.004 

.1470 

.1118 

.3947 

.4595 

8 

5 

Gauge  length  61 J  in. 

600 

.008 

.1474 

.1114 

.3953 

.4588 

16 

8 

800 

.010 

.1478 

.1109 

.3960 

.4581 

23 

12 

800 

.010 

.1482 

.1091 

.3962 

.4601 

.000023 

.000012 

0 

.002 

.1471 

.1114 

.3949 

.4612 

11 

0 

0 

.002 

.1470 

.1118 

.3949 

.4617 

11 

0 

200 

.004 

.1472 

.1115 

.3950 

.4614 

13 

3 

400 

.006 

.1475 

.1113 

.3951 

.4611 

15 

6 

600 

.009 

.1481 

.1109 

.3955 

.4606 

20 

10 

800 

.010 

.1485 

.1104 

.3959 

.4601 

24 

15 

1000 

.012 

.1490 

.1099 

.3965 

.4596 

29 

23 

1200 

.014 

.1495 

.1094 

.3973 

.4589 

37 

25 

1200 

.014 

.1499 

.1082 

.3973 

.4961 

.000037 

.000025 

0 

.004 

.1480 

.1105 

.3953 

.4982 

18 

3 

0 

.003 

.1494 

.1119 

.3951 

.4943 

18 

3 

200 

.006 

.1497 

.1116 

.3953 

.4941 

20 

7 

600 

.010 

.1505 

.1107 

.3960 

.4933 

26 

15 

1000 

.013 

.1515 

.1095 

.3968 

.4925 

32 

26 

1400 

.018 

.1526 

.1084 

.3977 

.4915 

40 

37 

1800 

.022 

.1542 

.1067 

.3993 

.4899 

55 

54 

2000 

.027 

.1550 

.1058 

.4003 

.4890 

65 

61 

2000 

.028 

.1520 

.1046 

.3992 

.4904 

.000065 

.000061 

0 

.010 

.1480 

.1088 

.3954 

.4943 

29 

21 

0 

.010 

.1466 

.1138 

.3951 

.4931 

29 

21 

200 

.010 

.1469 

.1135 

.3952 

.4930 

29 

24 

600 

.014 

.1476 

.1127 

.3961 

.4920 

39 

31 

1000 

.019 

.1485 

.1118 

.3969 

.4911 

47 

39 

1400 

.021 

.1495 

.1106 

.3978 

.4900 

57 

50 

Manner  of  failure — Broke  sud- 

1800 

.027 

.1505 

.1096 

.3989 

.4890 

67 

60 

denly  across  vertical  section 

2200 

,031 

.1516 

.1083 

.4001 

.4878 

77 

72 

near  the  center  at  2400  lb. 

^im!m 
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TESTS  OF  HIGH-SPEED  TOOL  STEELS  ON  OAST  IRON 

By    L.   p.   Bheckenkidge,   Professor  of  Mechanical  Engineering,    and 
Henry  B.  Dirks,  M.E.,  Assistant  in  Mechanical  Technology. 

In   most  manufacturing   processes   it   becomes  necessary  to 
change  the  form  of  materials  in  order  to  bring  them  to  the  desir- 
ed shape  for  use.     Among  the  metals  used  in  the  construction  of 
engineering    structures,    including   the    almost   endless    variety 
of  steam  and    gas    engines,    compressors,    pumping   machinery, 
marine    and    locomotive   engines,   special   machinery  and     ma- 
chine tools,  it  is  evident  that  cast  iron  and  steel  represent  by  far 
the  chief  constituents  of  such  machines.     For  the  manufacture  of 
all  the  various  parts  of  these  structures  and  machines  there  has 
been  designed  a  great  variety  of  machine  tools.  In  these  machine 
tools  are  placed  the  pieces  whose  shape  it  is  desired  to  change, 
and  a  properly  formed  and  hardened  piece  of  steel  is  made  to  cut 
away  a  part  of  the  material.     The  steel  used  for  making  the  tool 
for  thus  cutting  the  softer  material   is   called  Tool  Steel.      The 
time  required  to  cut  away  the  necessary  amount  of  metal  is  an 
important  factor  in  the  cost  of  the  piece  under  construction.     It 
is  evident  that  the  relative   hardness  of  the  tool  steel  and  the 
material  it  cuts,  as  well  as  the  speed  at  which  the  cutting  is  at- 
tempted, will  be  important  factors  in  the  time  required  to  do  the 
work  and  of  the  durability  of  the  tool  stepl  used.      These    facts 
have  continually  exerted  a  potent  influence  upon  the  manufac- 
turers of  tool  steel  and  they  have   constantly  improved  the  qual- 
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ity  of  their  product.  On  the  other  hand,  the  demand  for  strong- 
er and  lighter  materials  of  construction  has  increased  the  density 
and  hardness  of  many  materials  already  used,  and  brought  into 
common  use  new  materials,  such  as  cast  steel,  ferro  steel,  chilled 
iron,  etc.,  and  these  have  imposed  severer  duties  on  the  tool  steels 
designed  to  cut  them.  The  same  rivalry  that  has  existed  between 
armor  plate  and  the  projectile  intended  to  pierce  it  has  existed 
between  th%  tool  steels  and  the  materials  they  are  designed  to 
cut.  Until  quite  recently,  the  rate  at  which  tool  steel  could  cut 
the  various  metals  was  from  10  to  40  feet  per  minute,  varying 
with  the  metals  cut  and  with  the  area  of  the  cross  section  re- 
moved. If  a  higher  rate  of  cutting  was  attempted,  the  point  of 
the  tool  used  became  hot,  lost  its  temper  and  immediately  wore 
away.  During  the  years  1898  to  1900,  Messrs.  Taylor  and  White, 
at  the  Bethlehem  Steel  Works,  South  Bethlehem,  Pennsylvania, 
were  seeking  to  discover  what  constituents  could  be  combined 
with  tool  steel,  and  what  special  temperature  treatment  it  should 
receive  that  would  increase  its  cutting  speed.  As  the  result  of 
their  experiments,  there  was  exhibited  at  the  Paris  Exposition  of 
1900  a  lathe  using  a  tool  steel  which  removed  chips  of  soft  steel 
at  a  cutting  speed  of  from  60  to  180  feet  per  minute.  These  chips 
were  so  hot  that  they  turned  blue  upon  cooling.  The  point  of  the 
tool  steel  maintained  its  cutting  edge  even  when  running  at  a 
dull  red  glow.  It  was  natural  that  to  such  tools  should  have  been 
given  the  name  of  High-Speed  Tool  Steels. 

Properties  of  Tool  Steels 

At  the  time  of  Taylor  and  White's  first  experiments,  Mushet 
and  Jessop  tool  steels  of  the  self-hardening  type  were  in  general 
use.  According  to  Mr.  F.  Reiser  in  an  article  on  high-speed  steel 
in  "Stahl  and  Eisen",  January  15,  1903,  they  had  the  following 
chemical  composition : 

Carbon      2.0%  Manganese  2.5%  Silicon   1.3% 

Tungsten  5.0%  Chromium  0.5% 

The  self-hardening  property  is  called  into  play  by  the 
manganese,  an  element  which  favors  the  combining  of  the  carbon 
with  the  iron.  These  steels  were  tempered  simply  by  heating  to 
a  temperature  of  1600°  F.  and  then  cooling  in  -air.  Mushet  and 
Jessop  tools,  however,  did  not  prove  durable  at  high  speeds, 
although  they  were  far  in  advance  of  the  ordinary  carbon  steels, 
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and  chromium  was  substituted  for  manganese  with  good  results. 
The  chromium  steels  required  an  entirely  different  treatment, 
as  was  found  by  Messrs.  Taylor  and  White  in  their  experiments 
at  the  Bethlehem  Steel  Works. 

The  exact  chemical  compositions  of  the  new  tool  steels  are 
secrets  of  the  separate  makers,  and  probably  vary ;  however,  it 
is  known  that  the  steels  contain  the  following  elements  in  varying 
quantities:  carbon,  tungsten,  chromium,  manganese,  molybde- 
num and  titanium.  They  usually  run  high  in  these  combining 
elements,  the  Taylor- White  steel  having  as  high  as  12%  of  tung- 
sten and  4%  of  chromium,  while  Bohler  Brothers'  Styrian  steel, 
according  to  Mr.  Reiser,  has  a  maximum  of  28%  of  other  ele- 
ments. With  this  increase  the  carbon  element  has  greatly 
decreased ;  most  of  it  combines  with  tungsten,  chromium  and  the 
other  elements  at  high  temperatures,  remains  in  that  state  when 
cooled  in  an  air  blast  and  forms  carbides  of  extreme  hardness  and 
durability  at  high  temperatures.  For  best  results  of  toughness 
and  hardness  these  high-speed  steels  require  for  tempering  a 
temperature  of  from  2000°  to  2250°  F.,  or  a  white  heat  border- 
ing on  the  fusion  point,  and  are  then  cooled  in  an  air  blast,  lead 
bath  or  oil  bath  according  to  the  different  makers.  Mr.  Reiser 
in  his  discussion  has  for  this  reason  correctly  named  them  "super- 
heated steels." 

Advantages  of  High-Speed  Steels 

High-speed  steels,  due  to  their  hardness  and  durability  at 
high  temperatures,  retain  their  edge  when  cutting  at  extremely 
high  speeds,  cases  having  been  noted  in  which  the  tool  worked  at 
dark-red  heat  without  losing  its  edge.  As  can  be  seen  from  the 
tables,  the  speeds  obtained  "are  from  three  to  four  times  those 
obtained  with  ordinary  carbon  steels.  This  of  course  means  an 
increased  output  for  a  given  shop  and  a  consequent  increase 
in  the  returns.  This  is  not  the  only  advantage  of  high-speed 
steel.  It  has  been  proved  that  such  steel  is  more  economical  from 
the  power  standpoint,  a  given  power  removing  a  greater  quantity 
of  metal  per  unit  of  time  at  high  speed  than  at  slow  speed.  Of 
course  the  total  power  required  is  increased,  but  the  increase  is 
by  no  means  proportional  to  the  increase  in  the  amount  of  work 
done. 

There  is,  however,  one  condition  that  must  be  carefully  con- 
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sidered  before  the  introduction  of  high-speed  steels  in  a  shop. 
Machine  tools  constructed  to  use  the  old  carbon  steels  are  lim- 
ited in  capacity  and  will  not  stand  the  heavy  stresses  to  which 
they  would  be  subjected  if  using  high-speed  steels  at  maximum 
speeds  and  feeds.  This  condition,  however,  is  being  met  bj^  the 
machine-tool  builders,  who  are  now  designing  and  building  espec- 
ially heavy  tools  with  powerful  feed  mechanisms  with  a  view  to- 
wards obtaining  the  highest  possible  efficiency  of  the  steel  used. 

In  the  following  pages  are  described  the  experiments  made 
by  Mr.  H.  B.  Dirks,  Assistant  in  Mechanical  Technology,  En- 
gineering Experiment  Station,  in  the  shops  of  the  College  of  En- 
gineering at  the  University  of  Illinois.  These  experiments  have 
been  in  progress  for  nearly  a  year,  and  every  effort  has  been  made 
to  obtain  useful  and  correct  results. 

For  convenience,  the  subject  has  been  divided  into  the  fol- 
lowing parts  :  I.  The  Tool  Steels  Used.  II.  The  Oast-Iron  Test 
Pieces.  III.  Details  of  the  Tests.  IV.  Results  of  the  Experi- 
ments. V.  Summary  of  Results.  VI.  Reference  List  of  Articles 
on  High-Speed  Steels.  Appendix, — giving  instructions  furnish- 
ed by  makers  for  hardening  the  steels  used. 

I.     The  Tool  Steel  Used 

(a)     7 he  Brands   Used 

The  following  tool  steels  v/ere  used  in  these  trials : 

1.  Styrian  marked  "Bohler  Rapid" 

2.  Jessop's  "Ark" 

3.  Mclnnes's  "Extra" 

4.  Mushet's  "Special" 

5.  "Air  Novo  " 

6.  "Rex" 

7.  "Poldi" 

8.  "A  and  W  "  (Armstrong  and  Whitworth) 

The  first  six  came  from  the  American  market.  Poldi  and  "A 
and  W"  were  furnished  by  the  American  Radiator  Company,  hav- 
ing been  used  in  its  foreign  factories.  With  the  exception  of  the 
Mushet,  the  steels  used  were  donated  for  the  proposed  tests  by 
the  makers  or  agents.  The  Mushet  was  taken  from  stock  pur- 
chased in  the  open  market.  There  are  doubtless  other  kinds  of 
steel  which  could  have  been  tested,  but  these  eight  brands  were 
most  familiar  and  accessible  to  the  writers,  and  it  is  believed  that 
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they  represent  fairly  well  the  brands  commonly  used  at  the  pres- 
ent time  by  American  manufacturers. 

-D 


C 


■Sect/ on  A-B- 


■Sect/on  C'D 


Fig.  4.     Shape  of  Cutting  Tools 

(J)     Size  and  Shape  of  Tools 

The  size  of  the  bars  of  steel  from  which  the  tools  were  made 
was-^  in.  by  1  in.  for  the  steels  from  the  American  market.  The 
Poldi  bar  was  f  in.  by  If  in.,  and  the  "A  and  W"  bar  was  f  in. 
by  li  in.  The  shape  of  the  tool  used  in  the  tests  is  shown  in  Fig. 
4.  The  front  clearance  was  12|°,  the  top  rake  was  10°  and  the 
side  rake  was  also  10°.  These  angles  were  carefully  maintained 
throughout  the  tests,  the  angles  being  measured  with  a  bevel  pro- 
tractor after  each  grinding. 

Experiments  relating  to  the  proper  shape  of  tools  have  been 
made  by  Professor  J.  T.  Nicolson,*  and  the  writers  were  guided  in 
selecting  proper  tool  angles  by  the  recommendations  of  his  paper. 
Professor  Nicolson  says:  "Tools  should  therefore  be  ground 
for  maximum  endurance  in  the  cutting  of  cast  iron  in  ordinary 
shop  practice  so  that  their  true  cutting  angles  are  about  81°,  or  if 
they  are  allowed  6°  clearance  for  working  on  the  level  of  the 
lathe  centers,  they  should  have  an  included  angle  of  about  75°. 

(c)      Tempering  and  Tempering  Apparatus 

Directions  for  forging  and  hardening  the  various  steels  used 
were  furnished  by  the  manufacturers.  For  convenience,  these 
directions  are  published  in  the  Appendix.  It  will  be  seen  that 
most  of  the  steels  were  to  be  hardened  in  an  air  blast.     The  "A 


*Experiments  with  a  Lathe  Tool  Dynamometer. 
25,  1904,  page  658  et  seq. 


See  Trans.  A.  S.  M.  E.,  Vol. 
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and  W"  steel  was  the  only  one  in  which  oil  was  recommended 
for  cooling,  and  then  only  after  the  cutting  edge  of  the  tool  had 
been  cooled  to  a  cherry-red  in  the  air  blast.  An  air  blast  appar- 
atus was  designed  and  constructed  for  carrying  out  the  instruc- 
tions relating  to  the  proper  preparation  of  the  tools.  This  is 
shown  in  Fig.  5. 


Zi'A/i' Pipe  for 
Concentrating  air'ib/al^ 
on  toe/ 

Fig.  5.     Air  Blast  Apparatus 

The  apparatus  consists  of  the  4-in,  separating  pipe,  3  ft.  6 
in.  long  to  which  is  connected  the  header  of  2-in.  pipe  about  10 
in.  long.  The  dimensions  and  construction  are  shown  in  the  fig- 
ure. The  tools  to  be  hardened  are  inserted  in  the  short  lengths 
of   1^  or  2^-in.  pipes   which  servo  to  concentrate  the  air  blast  on 
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the  tools.  A  rubber  hose  with  a  -^-in.  nozzle  in  the  end  is  also  at- 
tached to  one  opening,  so  that  a  strong  air  blast  may  be  directed 
on  the  edge  of  the  tool  when  first  removed  from  the  fire.  The 
tools  were  heated  in  an  ordinary  forge  with  a  clear  coke  fire.  The 
fire  was  burned  long  enough  before  putting  in  the  tool  to  drive 
off  any  sulphur.  Care  was  also  taken  to  have  plenty  of  coke 
above  and  below  the  tool  so  that  no  cold  blast  should  strike  the 
tool  while  it  was  being  heated. 

II.     The  Cast-Iron  Test  Pieces 

In  order  that  the  results  of  the  tests  might  be  of  general  ap- 
plication, it  was  advisable  that  the  cast-iron  test  pieces  be  the 
product  of  several  commercial  foundries.  Several  manufacturers 
throughout  the  State  agreed  to  furnish  sample  test  pieces  repre- 
senting the  grade  of  cast  iron  used  in  their  respective  foundries. 
A  standard  size  of  test  piece  was  therefore  decided  upon,  and 
blue  prints  and  jDatterns  of  it  sent  to  the  different  manufac- 
turers. This  standard  test  piece  is  shown  in  Fig.  6.  The  outer 
diameter  is  the  maximum  the  lathe  will  swing  over  the  carriage. 
This  test  piece  was  made  hollow  for  several  reasons.  A  solid  test 
piece  becomes  soft  toward  the  center  and  is  more  likely  to  con- 
tain blow  holes.  Test  pieces  of  small  diameter  become  springy 
and  consequently  produce  inaccuracies  in  the  results.  The  high 
angular  velocity  necessary  with  small  diameters  is  also  undesir- 
able. The  first  test  piece  used  in  the  preliminary  trials  was  18 
in.  long.  This  was  found  to  be  too  short,  the  tool  having  to  be 
reset  too  often.  In  Fig.  3  is  given  a  view  of  all  the  test  pieces 
used  in  the  trials.  These  test  pieces  do  not  all  conform  to  the 
standard  test  piece,  the  American  Kadiator  Company  having  sent 
test  pieces  with  a  6-in.  core  instead  of  a  3-in.  core,  from  several 
of  its  plants,  that  being  a  more  representative  casting  from 
its  foundries.  The  test  pieces  received  from  the  various  com- 
panies, their  identification  marks  and  reference  numbers  are 
shown  in  Table  1*. 
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TABLE  1 
Results  op  Hardness  Tests  and  Identification  Marks 

OP 

Cast- Ikon  Test  Pieces  Used  in  the  Tests 


Name  of  company  sending  test  pieces 


American 

Radiator  Co.  - 
Chicago,  111. 


Crane  Company  / 
Chicago,  111.      I 


plant. 


plant. 


Ferro  Steel. 
Grey  Iron. 


Root  &  Vandervoort  Eng'g  Co. 
East  Moline,  111. 


Pierce  plant. 


\ 

Michigan  Plant.  J 


Detroit  plant 


plant. 


University  of  Illinois . 
Urbana,  111. 


Identification 
mark 


3  "  core 


5- 

8-05 

6 

'  core 

D. 

P. 

1 

D. 

P. 

2 

D. 

P. 

3 

D. 

P. 

4 

D. 

P. 

5 

D. 

P. 

6 

5-17-05 


B 

5-26-05 


B 

6-2-05 


F.  S. 


U.  I.— 1 
U.  L— 2 
U.  I.— 3 
U.  I.— 4 
U.  I.— 5 


Test 

reference 

No. 


9 
10 
11 

12 
13 
14 
15 
16 
17 

18 
19 
20 

21 
22 
23 

24 
25 
26 

1 

27 


28 
29 
30 
31 
32 


Hardness 

by 
drill  test 


94.2 
109.2 
102.0 

128.8 
86.5 
94.3 
138.6 
106.8 
109.3 

100.0 
106.6 
117.2 
132.0 
109.8 
90.3 

107.0 
117.2 
113.9 

124.8 
167.5 
122.2 

111.2 

102.4 

95.9 

342.0 
132.0 

175.0 

114.5 
195.0 
124.2 
124.5 
123.2 
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A  comparative  hardness  test  was  made  on  all  samples,  com- 
parison being  made  with  a  standard-  piece  of  soft  cast  iron  of 
equal  density  throughout,  the  chemical  analysis  of  which  is  as 
follows : 

Combined  Carbon  =  .147%  Silicon         =2.35%  Sulphur       =.07% 
Graphite  =5.03  %  Manganese  =  .33%  Phosphorus  =  1.06% 


Fig.  6. 


Sec //on  f/jrougfi  A-B 

Standard  Test  Piece 


The  hardness  of  cast  iron  or  any  other  metal  as  indicated  by 
a  drill  test  is  probably  as  fair  an  indication  of  the  particular  qual- 
ity of  the  metal  that  affects  the  cutting  speed  as  is  obtainable  by 
any  process  in  use  at  the  present  time.  This  hardness  test  is  in 
itself  a  cutting-speed  test  in  which  the  cutting  speed  is  not 
varied,  but  is  held  constant  and  the  rate  of  feed  allowed  to  vary, 
the  cutting  speed  and  rate  of  feed  in  all  probability  bearing 
some  constant  relation  to  each  other.  Fig.  7  is  a  graphical  chart 
giving  the  results  of  the  hardness  tests  on  the  test  pieces  used  in 
the  experiments.  The  tests  were  made  with  a  drill  press  as  shown 
in  Fig.  8.  A  constant  load  of  312  pounds  was  applied  on  the 
spindle  of  the  drill  press  by  means  of  the  weighted  lever.  With 
the  spindle  rotating  at  a  constant  speed  of  87  r.  p.  m.,  the  rate 
of  feed  of  the  drill  in  inches  per  minute  was  measured,  readings 
being  taken  for  every  \  in.  of  depth  drilled.  The  drill  used  in 
these  tests  was  a  Morse  standard  ^-in.  twist  drill  ground  to  an 
angle  of  62^°.  As,  however,  there  was  some  liability  of  variation 
in  the  sharpness  of  the  drill,  thus  affecting  its  rate  of  feed,  a 
uniform  piece  of  cast  iron  was  first  drilled  into,  readings  taken,  and 
then  the  test  made  on  the  test  piece.  A  comparison  was  thus 
always  made  with  this  same  piece  of  cast  iron,  eliminating  any 
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small  variation  in  the  sharpness  of  the  drill.  In  Fig.  7  the  curves 
drawn  through  the  dots  represent  the  standard  cast  iron,  and 
those  drawn  through  the  circles  represent  the  test  piece. 
Thus  for  test  piece  No.  1  the  rate  of  feed  is  about  .174  in. 
per  minute,  while  in  drilling  the  standard  cast  iron,  the  rate 
of  feed  is  about  .595  in.  per  minute.     The  hardness  as  used  later 

and  as  expressed  in  Table  1  is  ^j^x  100=342.     ,  Assuming  100   as 

the  hardness  of  the  standard  cast  iron.  Table  1  gives  the  results 
obtained  from  these  tests.     This  method  of  expressing  the  hard- 


FiG.  8.    Drill  Press,  Showing  Method  op  Making 
Hardness  Tests  on  Oast-Iron  Test  Pieces 

ness  of  cast  iron  was  also  used  by  Professor  J.  T.  Nicolson  in  his 
experiments  with  high-speed  tool  steels  made  at  the  Manchester 
Municipal  School  of  Technology,  Manchester,  England.*  In  these 
experiments  the  tangent  of  the  angle  made  by  the  curve  was  used 
as  the  hardness. 


*Report  of  experiments  made  at  Manchester  Municipal  School  of  Technology, 
London  Engineering,  October  30  and  November  13,  1903. 
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III.     Details  of  the  Tests 

(a)  '  Apparatus 

The  apparatus  used  in  (conducting  the  tests  consisted  mainly 
of  a  high-speed  lathe  deriving  its  power  from  a  two-phase  in- 
duction motor  by  means  of  belting  and  a  countershaft,  the  power 
required  being  measured  by  a  polyphase  wattmeter.  The  general 
arrangement  is  shown  in  Fig.  1  and  Fig.  9.  The  lathe  used  (see 
Fig.  2  and  Fig.  10)  was  a  Pratt  and  Whitney  high-speed  lathe 
with  a  gear  box  head-stock,  taking  a  maximum  length  of  3  ft.  9 


May  Capac/f/      8000  l^otfs 


Fig.  9,     General  Arrangement  of  Apparatus  used  in 
THE  Tests  with  High-Speed  Tool  Steels 

in.  between  centers  and  a  diameter  of  9  in.  over  the  carriage. 
The  power  was  transmitted  from  the  first  motion  shaft  of  the 
head-stock  to  the  cone  gears  by  means  of  a  long  pinion  and  an 
intermediate  gear,  the  latter  being  fastened  to  the  intermediate 
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gear  frame  which  swivels  about  the  first  motion  shaft.  The  inter- 
mediate gear  frame  lias  a  substantial  slide  with  rack,  pinion 
and  crank  by  which  the  intermediate  gear  is  moved  to  any  one 
of  four  positions,  in  which  it  is  locked  by  the  dropping  of  a  pin 
into  suitable  holes  in  the  frame,  after  which  movement  the  frame 
is  svviveled  to  drop  the  gear  into  mesh  witii  the  cone  gear.  The 
latch  handle  at  each  end  of  the  frame  holds  the  frame  and  gears 
in  position  after  the  gears  are  in  mesh.  From  the  cone  gears  the 
power  is  transmitted  either  direct  to  the  spindle  or  through  the 
usual  back  gears,  thus  making  8  changes  of  speed.  The  speeds 
and  feeds  obtainable  are  shown  in  Table  2  and  Table  3.  The 
feed  mechanism  is  positive,  being  driven  by  two  gears  from  the 
main  spindle  through  a  chain  of  gears  to  the  feed  box  change  and 
speed  gears,  thence  through  the  feed  rod  to  the  carriage.  There 
are  8  changes  possible  both  for  the  cross  and  longitudinal  feed. 
A  reverse  feed  is  obtained  by  shifting  the  reverse  rod. 

TABLE    2 

Feeds  and  Feed  Gears  foe 

Pratt  &  Whitney  High-Seeed  Lathe 


Feeds 

Feed 
Gears 

03 

Feed  Box 

Change 

Gears 

Feed  Box 
SpeedGear 

a 

o 

go 

CJ.2 

03    U 

O 

Feed  per 
one  Rev. 
0  f   Spin- 
dle 

Rev.  of 

Spindle 

to!" 

Travel 

T3 

<D 

s 
g  « 

goo 

00 

o 

a> 
O 

^  -s 

c  .3 

^'% 
^  S 

1" 

O  ?2 

O 

OS 
CO 

48  to  64       ^ 
60  to  52        ^ 
68  to  44        -^ 
78  to  34       w 

CD 
CO 

O 

00 

1 

00 
i-H 

.0076 
.0116 
.0156 
.0232 

131.6 
86.2 
64.1 
43  1 

73 

a 

48  to  64 
60  to  52 
68  to  44 
78  to  34 

CD 
CO 

o 

CD 
1>- 

.0312 
.0478 
.0642 
.0952 

32.0 
20.9 
15.6 
10.5 

48  to  64 
60  to  52 
68  to  44 
78  to  34 

o 

CO 
CO 

00  a 

1—1   u 
CD  f^ 

.s 

'03 

.00508 
.00782 
.01045 
.01554 

■    196.8 

127.7 

95.7 

64.3 

m 
m 

2 

48  to  64 
60  to  52 
68  to  44 
78  to  34 

CD 
CO 

o 

CD 

.0209 
.0322 
.0431 
.0640 

47.8 
31.1 
23.2 
15.6 
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TABLE  3 

Kange  op  Speed  Ratios  and  Suepace  Speeds  por 
Apparatus  Used  in  High-Speed  Steel  Tests 


Motor  Pulley 

Diameter 
(1120  r.  p.  m.) 


6  inches 


7  inches 


8  inches 


9  inches 


10  inches 


11  inches 


12  inches 


Revolutions  per  minute 


Counter- 
shaft 


Lathe 
Pulley 


181.62 


90.81 


211.89  !  105.94 


242.16     121.08 


272.43  '  136.21 


302.70      151.30 


332.97 


363.24 


166.48 


181.62 


Lathe  Spindle 


Direct 
drive 


68.10 
45.40 
34.05 

27.24 


79, 
52, 
39, 
31, 

90. 
60. 
45. 
36. 

102. 
68, 
51. 
40. 

113. 

75. 
56, 
45, 

124, 
83, 
62. 
49, 

136, 
90, 

68. 
54. 


,50 
,65 

.74 
,39 

.90 
.24 
,43 
.94 

.20 
.81 
.11 
,49 


Drive 

through 

back  gears 


23.48 

15.65 

11.74 

9.38 

27.40 
18.26 
13.70 
10.95 

31.31 

20.87 
15.65 
12.52 

35.23 
23.48 
17.61 
14.10 

39.13 
26.10 
19.56 
15.65 

43.07 
28.73 
21.52 
17.12 

46.96 
31.31 
23.48 
18.78 


Surface  speed  of  test 
piece.     Feet  per  min. 


Direct 
drive    - 


160.37 

106.92 

80.19 

64.15 

187.10 

124.70 

93.56 

74.84 

213.80 
142.60 
106.90 

85.53 

240.60 

160.40 

120.30 

96.23 

267.30 
178.20 
133.60 
106.90 

294.10 
196.00 
147.00 
117.60 

320.80 
213.80 
160,40 
128 . 30 


Drive 

through 

back  gears 


55.30 
36.80 
27.65 
22.09 

64.53 
43.00 
32.26 
25.79 

73.74 

49.15 
36.86 
29.48 

82.97 
55.30 
41.47 
33.21 

92.15 
61.47 
46.06 
36.86 

101.40 
67.66 
50.68 
40.32 

110.60 
73.74 
55.30 
44.23 
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The  power  was  transmitted  to  the  lathe  by  means  of  a  4-in. 
double  belt  from  the  12-in.  friction  clutch  pullpy  of  the  counter- 
shaft. The  countershaft  in  turn  was  driven  through  a  37-in. 
pulley  by  a  4:-in.  single  belt  from  the  motor.  The  motor  is  on  an 
adjustable  base,  allowing  changes  of  the  motor  pulley  to  be  made 
without  changing  the  length  of  the  belt.  In  the  tests,  pulleys 
ranging  from  6  to  12  in.  in  diameter  were  used,  making  possible 
with  the  8  changes  of  speed  on  the  lathe  proper,  56  changes  for 
every  diameter  of  work.  As  the  diameter  of  the  test  piece 
decreased,  it  was  thus  possible  to  keep  the  speed  of  the  cut  "con- 
stant within  very  small  limits.  The  motor  received  its  current 
from  the  440  volt  main  of  the  University  power  plant.  As  shown 
in  Fig.  9,  the  current  passed  through  an  auto-starter  and  watt- 
meter into  the  motor,  the  auto-starter  being  used  to  reduce  the 
electromotive  force  on  the  motor  at  starting,  thus  diminishing 
the  liability  of  injury  to  the  motor. 

The  wattmeter  used  is  known  as  the  Westinghouse  portable 
long  scale  indicating  wattmeter  for  alternating  current  circuits, 
and  may  be  used  for  either  two,  diree  or  four-phase  circuits.  "In 
principle,  the  wattmeter  consists  of  a  miniature  induction  motor, 
having  for  an  armature  a  metal  drum  mounted  on  a  shaft, 
together  with  a  spring  and  pointer,  giving  indications  on  the 
scale  proportional  to  the  power  to  be  measured.  There  is  also  a 
stationary  circular  core  of  iron  inside  the  drum  to  complete  the 
magnetic  circuit  through  the  armature  As  it  operates  on  the 
induction  principle,  it  has  no  moving  wires  and  is  not  affected  by 
external  fields."  "The  polyphase  wattmeter  used  in  the  tests  is 
a  modification  of  the  above,  having  two  drums  mounted  on  the 
same  shaft  and  revolving  in  two  separate  fields.  This  construc- 
tion makes  a  meter  which  is  correct  for  two  or  three-phase 
circuits  under  all  conditions  of  unbalancing,  low  power  factor, 
etc.,  and  measures  the  true  energy  of  the  circuit".* 

{h)     Procedure  in  Making  the  Tests 

In  the  preliminary  trials  the  skin  was  first  removed  to  bring 
the  test  piece  to  a  uniform  diameter  throughout.  This  was  dis- 
continued in  the  later  trials  and  a  separate  series  of  skin  cut 
trials  was  run.  The  test  piece  having  been  made  ready  for  the 
test,  the  tool  to  be  used  was  placed  in  the  tool  rest  in  the  position 


*Taken  from  instructions  for  the  use  of  the  W.  P.  L.  S.  I.  Wattmeters. 


Fig.  1      View  in  the  University  of  Illinois  Machine  Shop  showing  location 
OP  Lathe  and  Motor  drive  used  in  Tests  with  High-Speed  Tool  Steels 


Fig.  2.     Lathe  l'.sed  in  Te.st.s  with  IIktH-.Sj'eed  Tool  Steels 


Fig.  3.     Cast-Iron  Test  Pieces  used  in  Tests  with  High-Speed  Tool  Steels 
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decided  upon  for  all  tools  and  trials,  viz.,  at  ri^ht  angles  to  the 
work  with  the  bottom  edge  of  the  tool  horizontal  and  the  cutting 
edge  of  the  tool  from  ^  in.  to  i  in.  above  the  center  of  the  work, 
its  exact  position  being  recorded  in  the  log.  The  diameter  of  the 
test  piece  was  then  accurately  measured  in  several  places  and  the 
average  recorded  in  the  log.  The  tool  was  then  fed  in  by  hand 
until  the  cutting  edge  just  scraped  the  bottom  of  the  groove  left 
by  the  last  turning.  The  graduated  disc  on  the  cross  feed  having 
been  set  at  zero,  with  the  tool  in  the  above  position,  the  cross 
feed  was  turned  back  a  little,  and  the  carriage  moved  to  the  right 
sufficiently  for  the  tool  to  clear  the  test  piece.  The  cross  feed 
was  then  advanced  until  the  graduated  disc  showed  the  required 
cut  opposite  the  index  mark.  The  longitudinal  feed  or  traverse 
was  then  set  in  position  and  recorded  in  the  log.  The  diameter 
of  the  work  and  the  surface  speed  required  during  the  trial  being 
known,  the  size  of  the  pulley  to  be  used  on  the  motor  and  the 
position  of  the  driving  gear  necessary  to  give  the  required  speed 
were  obtained  from  a  set  of  curves  giving  the  speed  for  various 
diameters  of  work  for  each  of  the  56  changes  obtainable.  This 
having  been  done,  the  lathe  was  started  and  the  surface  speed 
tested  with  a  Warner  cutmeter.  If  found  to  be  too  far  from  the 
required  speed,  a  different  combination  of  motor  pulley  and  cone 
gear  was  tried.  A  satisfactory  speed  having  been  obtained,  the 
feed  mechanism  was  started  and  the  lathe  allowed  to  run  until 
the  tool  had  entered  the  work  and  was  taking  the  full  cut.  The 
lathe  was  then  stopped  and  the  square-case  revolution  counter, 
which  was  actuated  by  the  first  motion  shaft,  set  at  zero.  The 
lathe  was  then  cleared  of  all  chips  and  the  test  started,  the  exact 
time  of  starting  and  the  position  of  the  revolution  counter  being 
recorded.  During  the  trials,  readings  of  the  revolution  counter 
and  also  of  the  wattmeter  were  taken  every  two  minutes  in  order 
to  obtain  any  variations  in  the  cutting  speed  and  the  power  re- 
quired. After  the  expiration  of  the  trial,  which  occurred  either 
at  the  time  of  failure  of  the  tool  or  at  a  specified  time  limit,  the 
tool  was  withdrawn  and  the  lathe  run  light  under  the  same  con- 
ditions of  speed  as  in  the  trials,  in  order  to  observe  the  electrical 
horse-power  exerted  by  the  motor  under  these  conditions.  All 
cuttings  were  then  collected,  weighed  and  recorded  in  the  log. 
To  facilitate  the  collection  of  chips,  sheet  iron  guards  were  placed 
on  the  bed  of  the  lathe. 
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(c)  Description  of  Methods  Adopted  for  Measuring  the  Force 
Required  in  Cutting 
During  the  trials  readings  were  taken  at  regular  intervals  of 
the  total  electrical  watts  input  in  the  motor,  while  cutting,  and 
after  the  tool  had  been  withdrawn,  with  the  lathe  running  light. 
The  difference  between  the  electrical  horse-power  with  the  tool 
cutting  and  with  the  lathe  running  without  the  cut  should  give 
the  net  horse-power  required  for  cutting,  and  if  this  be  multiplied 
by  33,000  and  divided  bj''  the  cutting  speed,  we  obtain  the  force 
required  for  cutting  in  pounds.  In  thus  figuring,  we  assume  that 
the  lost  horse-power  of  the  drive  remains  constant  from  no  load 
to  full  load.  To  determine  whether  or  not  this  was  the  case,  a 
Prony  brake  was  placed  on  the  cast-iron  test  piece,  as  shown  in 
Fig.  11.  Tills  could  be  made  to  offer  the  resistance  otherwise 
produced  by  the  cutting  tool,  and  this  resistance  could   be   meas- 


/r7put  in  Mo^ar 


Fig.  11.     Arrangement  op   Apparatus  for  Measuring  Power 
Absorbed  by  Friction  in  the  Lathe,  Counter- 
shaft AND  Belting 

ured  at  the  end  of  the  brake  arm  by  observing  the  reading  on  the 
scale  beam  of  the  platform  scales.  The  brake  arm  was  made 
31.52  in.  in  length  to  facilitate  the  work  of  obtaining  the  horse- 

PN 

power,  which  would  then  be  oaaa-  i"  which  P  is  the  net  thrust  on  the 

scale  in  pounds  and  N  the  number  of  revolutions  of  the  brake  wheel. 

JExperiments  were  made  on   the   lathe   for  both   methods   of 

driving  it,  either  direct  or  through  the  back  gearing.     The  results 
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of  these  experiments  are  given  in  Fig.  12.  In  the  same  figure  is 
also  shown  the  calibration  curve  for  the  motor  ,alone,  giving  the 
horse-power  output  for  a  known  input.  The  loss  in  the  trans- 
mission for  any  known    input   could   be    immediately   found,    it 
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Fig.  12.  Curves  Giving  Results  of  Experiments  to  Determine 

Loss  OF  Power  in  Lathe  and  Countershaft 

F  OE  Vae^jjg  Loads 
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bein^  the  vertical  distance  between  the  curves  at  the  required 
load.  From  the  curves  it  can  be  seen  that  it  is  not  constant, 
but  increases  at  a  constant  ratio  as  the  load  increases.  The 
equations  derived  from  the  curves,  giving  the  relation  between 
the  net  and  gross  load  for  both  drives,  are  as  follows : 

(1)     N  ==  0.886G  —  0.32        (2)     N  =  0.907G  — 0.41 
Where  N  =  net   horse-power  required   for   cutting,   at  the   tool 
point,  represented  in  Fig.  12  by  the  ordinates  of  the  curves  No. 
2  and  No.  3  according  as  the  lathe  is  running  with  or  without  the 
back  gears ;  and 

G  =  total  horse-power  output  of  motor,  represented  in  Fig. 
12  by  the  ordinates  of  curve  No.  1. 

In  these  equations,  (1)  applies  to  the  direct  drive,  and  (2) 
to  the  drive  through  the  back  gears.  The  net  horse-power  record- 
ed in  Tables  VI  to  X  under  column  6  contains  the  above-found 
correction.    The  nature  of  the  results  will  be  discussed  in  Part  lY. 

IV.     Results  of  the  Experiments 

The  results  of  the  tests  made  with  the  eight  brands  of  steel 
are  given  in  full  in  Tables  I  to  X  below.  Some  of  the  most  im- 
portant relations  are  shown  graphically  on  several  plates.  There 
were  in  fact  five  sets  of  experiments  made  which  may  properly  be 
referred  to  as : 

(a)  The  preliminary  trials 

(b)  The  skincut  trials 

(c)  The  endurance  trials 

(d)  Trials  to  obtain  the  durability  of  the  steels  at  dif- 
ferent cutting  speeds  for  various  sizes  of  cut,  but  on  cast  iron  of 
constant  hardness 

(e)  Trials  to  obtain  the  durability  of  the  steels  on  cast 
iron  of  varying  hardness. 

Tables  I  to  V  give  for  each  of  the  experiments  above  referred 
to  the  observed  and  calculated  data  indicated  in  the  18  columns 
of  results.     Some  of  the  most   important   results   given  in   these 

tables  are  : 

(a)  The  cutting  speed  in  feet  per  minute 

(b)  The  area  of  section  cut 

(c)  The  area  machined 

(d)  The  weight  of  material  removed  per  minute 

(e)  The  relative  durability  of  the  tool 

(f )  The  hardness  of  the  test  piece 
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In  the  same  way  Tables  YI  to  X  give  important  data  for  each 
one  of  the  sets  of  experiments  carried  out.  The  most  interesting 
results  which  are  given  by  these  tables  are  : 

(a)  The  cutting  force  on  the  point  of  the  tool 

(b)  The  net  horse-power  required  to  remove  the  metal 

(c)  The  horse-power  required  to  run  the   lathe  and  the 
countershaft 

The  headings  for  the  different  tables  are  for  the  most  part 
clearly  indicated.  It  may  be  advisable,  however,  to  explain  some 
of  them  more  fully.  Keferring  to  Tables  I  to  Y,  we  have  in  each 
table  the  same  18  headings.  Columns  4,  5  and  6  give  the  speeds, 
cuts  and  feeds  at  which  the  trials  were  intended  to  be  carried  out, 
as  calculated  from  the  size  of  the  pulleys  and  motor  speeds.  In 
columns  7,  8  and  9  are  given  the  actual  speeds,  cuts  and  feeds. 
The  cutting  speed  recorded  is  the  speed  in  feet  per  minute  of  the 
cylindrical  surface  of  maximum  diameter  at  the  point  of  cutting. 
The  "depth  of  cut  is  one-half  the  difference  of  the  diameters  of 
the  work  before  and  after  cutting.  The  feed  is  the  advance  of 
the  tool  per  revolution  of  lathe  spindle.  Column  10  gives  as  the 
areaof  the  section  cut  the  product  of  the  depth  of  cut  and  the  feed. 
Columns  12  and  13  give  the  area  of  the  surface  machined.  This 
was  obtained  by  multiplying  the  cutting  speed  in  feet  per  minute 
by  the  feed  in  feet  per  revolution  of  the  spindle.  Columns  14 
and  15  give  the  total  weight  of  cuttings  removed  during  the  trial 
and  also  per  minute.  These  results  were  obtained  by  collecting 
and  weighing  the  cuttings.  Column  17  gives  the  comparative 
durability  of  the  tool.  An  entirely  arbitrary  standard  of  dura- 
bility was  established  as  follows:  A  tool  whose  cutting  edge  was 
worn  away  .002  in.  after   one  hour's  use  was   considered  perfect, 

its  durability  being  expressed  as  100. 
The  ratios  of  the  durability  of  any  other 
tools    to   the,  standard  will  then  be  the 

/^_N^ .      inverse  of   the    ratios   of  their  rates  of 

^       ^^  \    wear  to  the  rate  of  wear  of  the  standard. 

The  wear  as   assumed   for   the  standard 
is  shown  in  Figure  13  at  a?.      In  the  ex- 
FiG.  13.  periments,     however,     the    distance    a 

was  measured  and  x  then  calculated. 
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TABLE  I 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Preliminary  Trials 


1 

2 

3 

4 

5&6 

7 

8 

9 

10 

11 

Name  of 

Brand  of 

Tool  Steel 

Test 
Piece 

No. 

Trial 

Inten 

:led 

Actual 

Actual 

Area 

of 

Duration 

of 

Trial 

No. 

Speed 

Cut& 
Feed 

speed 

Cut 

Feed 

Sec. 
of  cut 

Ft./Min. 

Ins. 

Ft./Min. 

Ins. 

Ins. 

Sq. 
JIns. 

Min. 

1  Styrian 

28 

3 

55 

"sXjfs 

54.8 

3 

8 

.0232 

.00870 

33 

2 

28 

4 

35 

?x^ 

36.2 

i 

.0312 

.01560 

31 

3 

28 

5 

30 

iXyV 

32.5 

1 

4 

.0642 

.01600 

15| 

4 

28 

6 

60 

ix^ 

60.5 

i 

.0952 

.01190 

5 

5 

28 

7 

60 

ixJ« 

59.6 

i 

.0642 

.00802 

7J 

6 

28 

8 

60 

g  X  3  3 

58.0 

i 

.0312 

.00390 

10 

7 

28 

9 

50 

fxA 

52.1 

S 

.0312 

.01160 

15 

8 

28 

10 

50 

'gX'g-o 

47.6 

.0312 

.01160 

8 

9 

28 

11 

40 

iXgV 

41.2 

1 
4 

•0312 

.00780 

8 

10  Mclnnes 

1 

23 

30 

ixj^ 

28.4 

i 

.0642 

.00802 

10 

11 

1 

24 

30 

31.8 

i 

.0642 

.00802 

10 

12 

1 

25 

30 

u 

31.9 

i 

.0642 

.00802 

10 

13  Novo 

1 

27 

40 

A^iV 

40.7 

tV 

.0642 

.00401 

22 

14 

1 

28 

40 

il 

43.7 

1  6 

.0642 

.00401 

16 

15 

1 

29 

40 

n 

42.5 

-^ 

.0642 

A  0401 

19 

16  Styrian 

1 

30 

40 

" 

41.3 

1  6 

.0642 

.00401 

13J 

17  Novo 

1 

31 

40 

(I 

41.7 

A 

.0642 

.00401 

13 

18  Styrian 

27 

130 

150 

ixJ. 

152.1 

i 

.0312 

.00390 

m 

19  Novo 

27 

131 

150 

u 

153.1 

i 

.0312 

.00390 

9 

20  Mclnnes 

27 

132 

150 

" 

150.0 

i 

.0312 

.00390 

H 

21  Styrian 

16 

133 

110 

tVx-i^ 

111.0 

A 

.0642 

.01200 

7 

22  Novo 

16 

134 

105 

ixA 

107.2 

* 

.0642 

.00802 

m 

23  Styrian 

23 

135 

130 

^      'A  2 

133.8 

i 

.0312 

.00390 

4f 

24 

23 

136 

130 

(1 

134.3 

i 

.0312 

.00390 

2i 

25 

23 

137 

100 

(c 

102.9 

i 

.0312 

.00390 

17i 

26  Novo 

23 

138 

100 

li 

106.3 

i 

.0312 

.00390 

li 

27 

22 

139 

100 

u 

101.5 

^ 

.0312 

.00390 

6f 

28  Styrian 

22 

140 

80 

li 

79.5 

i 

.0312 

.00390 

8 

29  Jessop 

31 

141 

50 

1y_L 
8       16 

53.3 

i 

.0642 

.00802 

13J 

30 

31 

142 

75 

(( 

75.2 

i 

.0642 

.00802 

141 

31        " 

32 

143 

85 

H 

85.0 

i 

.0642 

.00802 

22i 
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TABLE  L— {Continued) 


1 

12         13 

14 

15 

16 

17 

18 

Name  of 

Brand  of 

Tool  Steel 

Area 

Machined 

Weight 
Removed 

Cause  of 
Withdrawal 

Comparative 

Durability 

of  Tool 

Hardness 
of  Test 
Piece 

Total 

Per 
Min. 

Total 

Per 
Min. 

1  Styrian 

2  "      

3  "       

Sq. 
Ft. 
3.53 

2.92 

2.67 

2.36 

2.27 

1.51 

.20 

.99 

.85 

1.51 

1.70 

1.70 

4.77 

3.72 

4.31 

2.98 

2.90 

4.54 

3.58 

.40 

4.16 

7.16 

1.61 

.75 

4.67 

Sq. 

Ft. 
.107 
.094 
.169 
.472 
.310 
.151 
.185 
.124 
.107 
.151 
,170 
.170 
.217 
.233 
.227 
.221 
.223 
.395 
.398 
.390 
.594 
.573 
.347 
.349 
.267 

Lbs. 

43.60 

50.50 

24.20 

10.30 

9.82 

6.81 

25.90 

12.20 

6.74 

6.43 

7.00 

7.37 

11.80 

8.67 

10.30 

7.26 

6.99 

Lbs. 

1.320 

1.630 

1.530 

2.060 

1.340 

.681 

1.730 

1.530 

.843 

.643 

.700 

.737 

.539 

.542 

.541 

.538 

.538 

Time  up 

li 

u 
a 
u 
a 
a 
a 

Tool  failed 

Time  up 

(1 

11 

11 
Tool  failed 

11 

Time  up 
Tool  failed 

Time  up 

Tool  failed 

11 

If 
Time  up 

1  ( 

100.00 

50.50 

12.90 

100.00 

100.00 

100.00 

100.00 

100.00 

100.00 

2.03 

0.00 

4.07 

6.52 

6.93 

4.90 

5.50 

5.30 

3.12 

0.10 

0.00 

0.00 

5.09 

0.00 

0.00 

3.56 

0.00 

0.00 

0.00 

100.00 

100.00 

18.30 

114.5 
114.5 
114.5 

4  '•       

5  "      

6  "      

114.5 
114.5 
114.5 

7         •'      

114  5 

8        "      

114.5 

9        "       

114.5 

10  Mclnnes 

342.0 

11         "       

342.0 

12        "       

342.0 

13  Novo      

14  "       

342.0 
342.0 

15        "       

342.0 

16  Stvrian 

342.0 

17  Novo     

342.0 

18  Styrian 

132.0 

19  Novo     

132.0 

20  Mclnnes 

132.0 

21  Styrian 

28.75 

32.20 

7.08 

3.28 

21.20 

4.107 
2.580 
1.520 
1.520 
1.210 

109.8 

22  Novo     

109.8 

23  Styrian 

24  "      

122.2 
122.2 

25         "       

122.2 

26  Novo     

122.2 

27        •'      

1.76 
1.65 
2.76 
5.92 
10.20 

.264 
.206 
.282 
.402 
.454 

9.12 

8.72 
17.20 
26.50 
45.60 

1.370 
1.090 
1.290 
1.800 
2.030 

167.5 

28  Styrian 

167.5 

29  Jessop 

124.5 

30        "      

124.5 

31         "      

124.5 

24 


ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


TABLE  II 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Skin-Cut  Trials 


1 

2 

3 

4 

5&6 

7 

8 

9 

10 

11 

Name  of 

Test 

Trial 

Intended 

Actual 

Actual 

Area 
of 

Duration 

of 

Trial 

Brand  of 
Tool  Steel 

Piece 

No. 

No. 

Speed 

Cut& 
Feed 

speed 

Cut 

Feed 

Sec. 
of  cut 

Ft./Min. 

Ins. 

Ft./Min. 

Ins. 

Ins. 

Sq. 
Ins. 

Min. 

1  Styrian . 

28  . 

1 

45 

A^xfrff 

45.2 

^ 

.0232 

.00507 

9* 

2  Styrian. 

28 

2 

35 

It 

36.3 

^ 

.0232 

.00507 

39 

3  Mclnnes 

29 

12 

45 

4^6  4 

46.2 

i 

.0156 

•00390 

30 

4  Mclnnes 

29 

13 

60 

ixs^s 

59.5 

I 

.0312 

•00780 

6J 

5  Mclnnes 

29 

14 

35 

iXeV 

36.4 

i 

.0156 

.00390 

40 

6  Styrian.. 

3 

97 

50 

Axg'a 

50.6 

3 
1  6 

.0312 

.00585 

40 

7  Styrian. 

6&7 

98 

55 

55.2 

.0312 

.00585 

72J 

8  Novo  . . . 

8 

99 

55 

55.0 

.0312 

.00585 

36 

9  Mclnnes 

9 

100 

55 

57.4 

.0312 

.00585 

35 

10  Novo.... 

10 

101 

55 

55.5 

.0312 

.00585 

35 

11  Mclnnes 

11 

102 

55 

54.4 

.0312 

.00585 

37 

12  Poldi... 

12&13 

103 

55 

55.6 

.0312 

.00585 

72 

13  A.  &  W. 

14 

104 

55 

55.3 

.0312 

.00585 

29^ 

14  A.  &  W. 

4 

105 

55 

56.0 

.0312 

.00585 

37 

15  Styrian.. 

5 

106 

70 

67.9 

.0312 

.00585 

30 

16  Novo... 

18 

107 

70 

Ij^S 

68.8 

% 

.0312 

.00390 

21 

17  Mclnnes 

19 

108 

70 

68.5 

.0312 

.00390 

8^ 

18  Mclnnes 

19 

109 

70 

68.5 

.0312 

.00390 

10 

19  Poldi... 

20 

110 

70 

68.0 

.0312 

.00390 

19 

20  Novo... 

20 

111 

70 

68.2 

.0312 

.00390 

11 

21  Styrian. 

17 

112 

75 

75.3 

.0312 

.00390 

27 

22  Novo... 

26 

113 

75 

75.2 

.0312 

.00390 

27 

23  Mclnnes 

25 

114 

75 

75.7 

.0312 

.00390 

27 

24  Poldi... 

16 

115 

75 

74.7 

.0312 

.00390 

26J 

25  A.  &  W. 

24 

116 

75 

73.9 

.0312 

.00390 

27f 

26  Styrian. 

23 

117 

75 

72.2 

.0312 

.00390 

28 

27  Poldi... 

21 

118 

75 

75  !o 

.0312 

.00390 

27 

28  A.  &  W. 

15 

119 

75 

74.2 

.0312 

.00390 

27 

29  Mclnnes 

22 

120 

75 

73.8 

.0312 

.00390 

19i 

30  Styrian. 

22 

121 

75 

72.5 

.0312 

.00390 

8^ 

31  Jessop . . 

32 

122 

45 

i^ii 

46.1 

i 

.0312 

.00780 

28 
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TABLE  ll—{Continued) 


Name  of 

Brand  of 

Tool  Steel 


1  Styrian  . 

2  Styrian. . 

3  Mclnnes, 

4  Mclnnes, 

5  Mclnnes, 

6  Styrian . . 

7  Styrian . . 

8  Novo 

9  Mclnnes 

10  Novo.... 

11  Mclnnes. 

12  Poldi . . . . 

13  A.  &W.. 

14  A.  &  W  . . 

15  Styrian . . 

16  Novo . . . . 

17  Mclnnes 

18  Mclnnes, 

19  Poldi.... 

20  Novo.... 

21  Styrian.. 

22  Novo . . . . 

23  Mclnnes. 

24  Poldi . . . . 

25  A.  &  W. . 

26  Styrian . . 

27  Poldi.... 

28  A.  &  W. . 

29  Mclnnes 

30  Styrian . . 

31  Jessop. . . 


12 


13 


Area 
Machined 


Total 


Sq. 
Ft. 
0.83 
2.76 
1.81 
0.99 
1.89 
5.24 
1.04 
5.15 
5.21 
5.04 
5.22 
10.40 
4.25 
5.36 
5.28 
3.76 
1.51 
1.78 
3.36 
1.95 
5.29 
5.26 
5.32 
5.14 
5.34 
5.23 
5.26 
5.21 
3.70 
1.60 
3.36 


Per 

Min. 

Sq. 
Ft. 


.070 
.060 
.155 
.047 
.131 
.143 
.143 
.149 
.144 
.141 
.144 
.144 
.145 
.176 
.179 
.178 
.178 
.177 
.177 
.196 
.195 
.197 
.194 
.192 
.187 
.195 
.193 
.192 
.188 
.120 


14 


15 


Weight 
Removed 


Total 


Lbs. 

4.6 
14.4 
14.4 

7.1 
14.7 
29.8 
57.2 
23.3 
24.5 
33.5 
30.0 
67.7 
29.8 
35.6 
34.2 
30.8 


21.0 
12.1 
24.4 
19.0 
23.0 
22.5 
24.6 
22.6 
19.1 
28.4 
14.5 


27.5 


Per 
Min, 


Lbs. 

.48^ 
.370 
.480 

1.105 
.367 
.746 
.789 
.648 
.702 
.958 
.812 
.941 

1.012 
.964 

1.140 

1.470 


1.110 

1.110 

.903 

.704 

.852 
.850 


.708 

1.050 

.756 


.982 


16 


Cause  of 
Withdrawal 


Tool  failed 
Time  up 

Tool  failed 
Time  up 


Tool  failed 
Time  up 

Tool  failed 
Time  up 


Tool  failed 
Time  up 


17 


Comparative 

Durability 

of  Tool 


0.00 

7.94 

6.12 

5.23 

8.16 

100.00 

14.80 

5.85 

5.70 

14.30 

10.00 

17.85 

24.00 

15.00 

12.20 

4.28 

0.00 

8.13 

0.00 

2.23 

22.00 

7.33 

11.00 

10.80 

11.35 

7.61 

5.50 

22.00 

00.00 

3.46 

22.80 


18 


Hardness 

of  Test 

Piece 


114.5 
114.5 
195.0 
195.0 
195.0 

94.2 
107.6 

94.3 
138.6 
106.8 
109.3 
103.3 
117.2 
109.2 
102.0 
107.0 
117.2 
117.2 
113.9 
113.9 

90.3 

95.9 
102.4 
109.8 
111.2 
122.2 
124.8 
107.0 
167.5 
167.5 
123.2 
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TABLE  III 

EXPEKIMENTS  WITH  HiGH-SpEED  ToOL  StEEL  ON  CaST  IrON 

Endurance  Trials 


1 

2 

3 

4 

5  &6 

7 

8 

9 

10 

11 

Name  of 

Test 

Trial 

Inten 

ded 

Actual 

Actual 

Area 
of 

Sec. 
of  cut 

Duration 

Brand  of 
Tool  Steel 

Piece 

No. 

No. 

Speed 
Ft./Min. 

Speed 

Cut& 
Feed 

Cut 

Feed 

01 

Trial 

Ft./Min. 

Ins. 

Ins. 

Ins. 

Sq. 
Ins. 

Min. 

1  Novo.  . . 

29 

15 

50 

ix-gij 

47.6 

1 

2 

.0156 

.00780 

68 

2  Styrian . 

30 

17 

50 

li 

48.3 

* 

.0156 

.00780 

161 

3  Mclnnes 

30 

18 

50 

" 

52.4 

i 

.0156 

.00780 

120 

4  Jessop . . 

31 

124 

75 

i^aS 

76.9 

1 
4 

.0312 

.00780 

51 

5  Novo.  . . 

29 

16 

40 

^'^32 

37.6 

i 

.0312 

.01560 

107^ 

6  Mclnnes 

27 

19 

75 

ixJj 

77.8 

i 

.0312 

.00390 

181 

7  Novo.  . . 

27 

20 

75 

u 

75.5 

i 

.0312 

.00390 

88H 

8  Styrian  . 

3 

36 

65 

" 

63  6 

i 

.0312 

.00390 

195J 

9  Mclnnes 

3 

37 

65 

it 

67.7 

i 

.0312 

.00390 

18H 

10  Novo.  . . 

3 

38 

65 

" 

67.1 

i 

.0312 

.00390 

40J 

11  Styrian  . 

1 

21 

30 

iXjlg 

28.0 

i 

.0642 

.00802 

98^ 

12  Novo.  . . 

1 

22 

30 

27.7 

i 

.0642 

.00802 

97i 

13  Novox  . . 

2 

34 

50 

i  I 

51.1 

i 

.0642 

.00802 

153i 

14  Styrian  . 

2 

35 

50 

u 

53.2 

i 

.0642 

.00802 

127 

15  Jessop . . 

31 

123 

75 

" 

74.5 

i 

.0642 

.00802 

m 

16  Eex. .  . . 

32 

126 

80 

11 

80.4 

I 

.0642 

.00802 

55 

17  Styrian.. 

12 

45 

85 

Hs% 

88.7 

i 

.0952 

.01190 

49| 

18  Mclnnes 

14 

47 

90 

li 

92.4 

i 

.0952 

.01190 

15J 

19  Novo.. . . 

13 

46 

95 

" 

97.7 

i- 

.0952 

.01190 

48i 

20  Poldi.... 

14 

48 

105 

a 

105.2 

i^ 

.0952 

.01190 

17J 

21  A.  &  W. 

14 

49 

115 

a 

113.6 

I 

.0952 

.01190 

m 

22  Styrian.. 

1 

26 

35 

T^XtV 

38.7 

tV 

.0642 

.00401 

88 

23  Mclnnes 

1 

32 

35 

li 

36.1 

t\ 

.0642 

.00401 

64^ 

24  Styrian.. 

1 

33 

35 

" 

36.6 

1  B 

.0642 

.00401 

58i 

25  Rex 

32 

125 

85 

(( 

84.5 

A 

.0642 

.00401 

62^ 

26  Styrian.. 

6&7 

39 

75 

^^fz 

76.6 

1  B 

.0952 

.00595 

125 

27  Novo.  .. 

7&8 

40 

75 

74.3 

ih 

.0952 

.00595 

119^ 

28  Mclnnes 

8&9 

41 

75 

i  i 

77.5 

1  6 

.0952 

.00595 

130 

29  Poldi . . . 

9&10 

42 

75 

li 

77.4 

l\ 

.0952 

.00595 

128 

30  A.  &  W. 

lO&ll 

43 

75 

" 

75.0 

iV 

.0952 

.00595 

122^ 

31  Mushet. 

11 

44 

75 

li 

74.6 

^ 

.0952 

.00595 

42^ 
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TABLE  III— {Continued) 

1 

12 

13 

14 

15 

16 

17 

18 

Area 

Weight 

Name  of 

Machined 

Removed 

Cause  of 

Comparative 

Durability 

of  Tool 

Hardness 

of  Test 
Piece 

Brand  of 
Tool  Steel 

Total 

Sq. 
Ft. 

Per 
Min. 

Sq. 
Ft. 

rotal 
Lbs. 

Per 
Min. 

Withdrawal 

Lbs. 

1  Novo 

4.2 
10.1 

8.2 

.062 
.062 
.068 

71.9 
182.0 
130.0 

1.058 
1.132 
1.087 

Time  up 

27.6 
100.0 
100.0 

195.0 

2  Styrian 

124.2 

3  Mclnnes 

124.2 

4  Jessop 

10.2 
10.5 

.200 
.097 

89.6 
182.0 

1.756 
1.695 

u 

20.7 
29.2 

124.5 

5  Novo 

195.0 

6  Mclnnes 

36.6 
17.4 

.202 
.196 

161.0 

77.8 

.892 
.875 

100.0 
100.0 

132.0 

7  Novo 

132.0 

8  Styrian 

32.2 

31.9 

7.0 

.165 
.176 
.174 

154.0 

145.0 

30.7 

.791 
.798 

.758 

53.1 

36.9 

100.0 

94.2 

9  Mclnnes 

94.2 

10  Novo 

94.2 

11  Styrian 

14.7 

.149 

63.2 

.642 

" 

40.0 

342.0 

12  Novo 

14.4 

.148 

67.6 

.695 

(( 

26.3 

342.0 

13  Novo  

41.9 

.273 

189.0 

1.230 

(t 

28.6 

175.2 

14  Styrian 

36.1 

.284 

165.0 

1.300 

" 

42.8 

175.2 

15  Jessop .    . .    

18.8 

.398 

86.2 

1.820 

(( 

9.6 

124.5 

16  Rex. . . .' 

23.6 

.430 

106.0 

1.930 

Tool  failed 

9.6 

123.2 

17  Styrian 

34.9 

.702 

163.0 

3.270 

Time  up 

20.3 

100.0 

18  Mclnnes 

11.3 
37.3 

.732 

.774 

Tool  failed 
Time  up 

2.5 
13.0 

117.2 

19  Novo 

167 '.6 

3^486 

106.6 

20  Poldi 

14.4 

.834 

61.9 

3.570 

Tool  failed 

0.0 

117.2 

21  A.  &  W 

15.8 

.902 

64.9 

3.710 

" 

3.8 

117.2 

22  Styrian 

18.2 

.207 

42.0 

.477 

Time  up 

17.1 

342.0 

23  Mclnnes 

12.4 

.193 

38.2 

.593 

11 

17.5 

342.0 

24  Styrian 

11.4 

.195 

26.8 

.458 

a 

11.9 

342.0 

25  Rex 

28.2 

.452 

61.5 

.984 

" 

17.0 

123.2 

26  Styrian 

75.0 

.600 

175.0 

1.400 

a 

50.9 

107.6 

27  Novo 

69.5 

.582 

170.0 

1.420 

(t 

32.4 

90.4 

28  Mclnnes 

79.8 

.614 

191.0 

1.470 

i( 

27.4 

116.4 

29  Poldi 

78.6 

.614 

184.0 

1.440 

11 

34.7 

122.7 

30  A.  &  W 

72.9 

.595 

169.8 

1.380 

" 

23.0 

108.0 

31  Mushet 

25.1 

.591 

60.3 

1.42C 

11 

100. 

109.3 
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TABLE  IV 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Ieon 

Trials  to  Determine  Variation  of  Durability  with  Cutting  Speed 


1 

2 

3 

4 

5&6 

7 

8 

9 

10 

11 

Name,  of 

Test 

Trial 

Inten 

ded. 

Actual 

Actual 

Area 
of 

Duration 

Brand  of 

Piece 

Sec. 

of 

Cut& 
Feed 

Tool  Steel 

No. 

No. 

Speed 

Speed 

Cut 

Feed 

of  cut 

Trial 

Ft./  Min. 

Ins. 

Ft./  Min. 

Ins. 

Ins. 

Sq. 
Ins. 

Min. 

1  Styrian 

18 

59 

90 

T^i^A 

91.5 

-h 

.0952 

.00595 

44 

2 

18 

60 

100 

li 

102.5 

-h 

.0952 

.00595 

28i 

3 

18 

61 

110 

a 

110.6 

1  H 

.0952 

.00595 

43J 

4 

18 

62 

120 

" 

120.6 

1  6 

.0952 

.00595 

41* 

5  Mushet 

5 

58 

90 

*X/3 

91.6 

I 

.0312 

.00390 

12i 

6  Mclnnes 

5 

54 

95 

95.3 

I 

.0312 

.00390 

62 

7 

5 

55 

100 

ii 

100.3 

I 

.0312 

.00390 

61J 

8 

5 

56 

110 

" 

110.9 

i 

.0312 

.00390 

m 

9 

5 

57 

120 

u 

123.4 

i 

.0312 

.00390 

31 

10  Novo 

4 

50 

85 

l^f^ 

86.1 

i 

.0642 

.00800 

29 

11 

4 

51 

95 

98.7 

I 

.0642 

.00800 

27J 

12 

4 

52 

105 

it. 

105.2 

I 

.0642 

.00800 

30 

13 

4 

53 

115 

" 

114.9 

I 

.0642 

.00800 

3U 

14  Poldi 

19 

63 

105 

1  6  •'^  1  G 

106.8 

3 

1  6 

.0642 

.01200 

22J 

15 

19 

64 

115 

116.1 

-h 

.0642 

.01200 

21f 

16       " 

19 

65 

125 

i( 

125.7 

j\ 

.0642 

.01200 

22 

17  A.  &  W. 

20 

66 

]10 

ixJfi 

109.3 

i 

.0642 

.01600 

16J 

18 

20 

67 

120 

<i 

120.0 

i 

.0642 

.01600 

18J 

19 

20 

68 

130 

(( 

130.4 

1 

4 

.0642 

.01600 

19i 
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TABLE  lY- {Continued) 


1 

12 

13 

14 

15 

16 

17 

18 

Area 

Weight 

Name  of 
Brand  of 
Tool  Steel 

Machined 

Removed 

Cause  of 

Comparative 

Hardness 

Total 

Per 
Min. 

Total 

Per 
Min. 

Withdrawal 

Durability 
of  Tool 

of  Test 
Piece 

Sq. 
Ft. 

Sq. 
Ft. 

Lbs. 

Lbs. 

1  Styrian 

31.9 

.726 

70.0,  1.59 

Time  up 

12.00 

107.0 

2        " 

23.1 

.812 

48.2    1.69 

Tool  failed 

7.76 

107.0 

3        "      

38.1 

.877 

87.9   2.02 

Time  up 

11.80 

107.0 

4        "      

39.5 

.956 

96.6    2.34 

" 

5.50 

107.0 

5  Mushet 

2.9 

.238 

12.1      .99 

Tool  failed 

0.00 

102.0 

6  Mclnnes 

15.3 

.247 

65.7    1.06 

Time  up 

50.57 

102.0 

7        "      

16.0 

.261 

71.3    1.16 

" 

25.60 

102.0 

8         "       

17.9 

.288 

78.5    1.26 

(( 

13.00 

102.0 

9        "      

9.9 

.321 

43.7    1.41 

Tool  failed 

6.37 

102.0 

10  Novo     

13.3 

.460 

61.8    2.13 

Time  up 

7.53 

109.2 

11        "      

14.5 

.527 

66.0   2.40 

" 

5.63 

109.2 

12         "       

16.9 

.562 

83.1    2.77 

If 

12.20 

109.2 

13        "      

19.3 

.614 

88.8    2.82 

a 

3.31 

109.2 

14  Poldi     

12.9 

.572 

85.7    3.81 

li 

13.90 

117.2 

15        "      

13  5 

.622 

92.6!  4.25 

a 

35.50 

117.2 

16        "      

14.8 

.672 

102.0    4.64 

a 

100.00 

117.2 

17  A.  &W 

9.6 

.584 

87.1    5.28 

a 

13.40 

113.9 

18         "       

11.9 

.642 

106.0   5.72 

i  i 

100.00 

113.9 

19        "      

13.4 

.697 

118.0;  6.16 

If 

15.70 

113.9 
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TABLE  V 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Trials  to  Determine  Variation  of  Durability  with  Hardness 


1 

2 

3 

4 

5&6 

7 
Actual 

8 

9 

10 

11 

Name  of 

Test 

Trial 

Intended 

Actual 

Area 
of 

Duration 

Brand  of 

Piece 

sec. 

of 

Gut  & 
Feed 

Tool  Steel 

No. 

No. 

Speed 

speed 

Cut 

Feed 

of  cut 

Trial 

Ft./Min. 

Ins. 

Ft./Min. 

Ins. 

Ins. 

Sq. 
Ins. 

Min. 

1  Novo . . . 

22 

94 

50 

J^XsV 

50.9 

* 

.0312 

.00390 

83 

2  Poldi... 

22 

96 

75 

75.1 

* 

.0312 

.00390 

88J 

3  Styrian. 

23 

85 

75 

75.2 

i 

.0312 

.00390 

m 

4  Novo . .  . 

15 

91 

100 

100.3 

I 

.0312 

.00390 

37f 

5  A.  &  W. 

21 

88 

.  100 

101.5 

X 

8 

.0312 

.00390 

38 

6  Mclnnes 

17 

70 

100 

101.9 

i 

.0312 

.00390 

36| 

7  Poldi... 

26 

73 

125 

125.8 

1 

8 

.0312 

.00390 

m 

8  A.  &  W. 

16 

79 

130 

130.0 

8 

.0312 

.00390 

29f 

9  Styrian. 

25 

76 

130 

131.2 

i 

.0312 

.00390 

29| 

10  Novo. . . 

24 

82 

130 

132.0 

1, 
8 

.0312 

.00390 

291 

11  Poldi... 

22 

95 

50 

>^XiV 

50.4 

i 

.0642 

.00802 

33| 

12  A.  &  W. 

23 

86 

70 

70.9 

1 
8 

.0642 

.00802 

23| 

13  A.  &  W. 

15 

92 

95 

95.0 

i 

.0642 

.00802 

28 

14  Mclnnes 

21 

89 

95 

95.2 

1 
8 

.0642 

.00802 

20^ 

15  Styrian.. 

17 

71 

95 

95.2 

i 

.0642 

.00802 

27 

16  Poldi . .  . 

16 

80 

120 

120.0 

1 
8 

.0642 

.00802 

9 

17  Novo. . . 

25 

77 

120 

121.2 

1 
8' 

.0642 

.00802 

21 

18  Mclnnes 

24 

83 

120 

122.7 

1 

8 

.0642 

.00802 

21J 

19  A.  &  W. 

26 

74 

140 

143.4 

i 

.0642 

.00802 

18i 

20  Novo.. 

23 

87 

65 

ToXiV 

65.5 

A 

.0642 

.01200 

33 

21  Styrian.. 

21 

90 

85 

85.2 

fV 

.0642 

.01200 

32i 

22  Poldi... 

15 

93 

85 

86.2 

t\ 

.0642 

.01200 

25f 

23  No%^o... 

17 

72 

85 

88.8 

_3- 
1  6 

.0642 

.01200 

24 

24  Mclnnes 

26 

75 

100 

101.1 

_3_ 

1  6 

.0642 

.01200 

22 

25  Styrian.. 

16 

81 

110 

109.8 

A 

.0642 

.01200 

m 

26  A.  &  W. 

24 

84 

110 

110.6 

t\ 

.0642 

.01200 

16 

27  Poldi... 

25 

78 

110 

1L1.5 

_a^ 

.0642 

.01200 

21 

28  Rex  .... 

32 

127 

70 

72.2 

A 

.0642 

.01200 

29 
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TABLE  y— {Continued) 


1 

12 

13 

14 

15 

16 

17 

18 

Name  of 

Brand  of 

Tool  Steel 

Area 
Machined 

Weight 
Removed 

Cause  of 
Withdrawal 

Comparative 

Durability 

of  Tool 

Hardness 
of  Test 
Piece 

Total 

Sq. 

Ft. 

10.9 

17.2 

7.5 

9.9 

10.0 

9.6 

9.9 

10.1 

10.1 

10.2 

9.0 

9.0 

44.2 

10.4 

13.7 

5.7 

13.6 

14.1 

14.2 

11.5 

14.6 

18.5 

11.4 

11.9 

7.7 

9.5 

12.5 

11.2 

Per 
Min. 

Sq. 

Ft. 

.132 

.195 

.195 

.262 

.264 

.264 

.327 

.338 

.341 

.343 

.269 

.379 

.508 

.509 

.509 

.642 

.649 

.657 

.767 

.350 

.455 

.461 

.475 

.541 

.588 

.592 

.597 

.386 

Total 

Per 
Min. 

1  Novo 

2  Poldi 

3  Styrian 

Lbs. 

55.4 

75.9 
35.8 
45  2 
46.0 
44.8 
48.2 
44.1 
45.7 
47.5 
41.1 
41.2 
59.1 
43.7 
58.9 
24.1 
61.7 
65.6 
64.4 
79.2 
98.7 
73.5 
77.3 
78.5 
50.8 
64.3 
82.1 
72.3 

Lbs. 

.668 
.858 
.929 
1.200 
1.210 
1.220 
1.580 
1.480 
1.540 
1.600 
1.220 
1.730 
2.110 
2.130 
2.180 
2.680 
2.940 
3.050 
3.480 
2.400 
3.070 
2.860 
3.220 
3.570 
3.850 
4.020 
3.910 
2.490 

Time  up 

Tool  failed 
Time  up 

Tool  failed 
Time  up 

67.6 
68.1 
15.7 

100.0 
31.0 
60.0 
24.8 
12.2 

100.0 
12.1 
27.5 
38.8 

100.0 
.0 

100.0 
.0 

100.0 
35.0 
15.1 
65.5 
13.1 
10.4 

100  0 

35.8 

3.6 

26.0 

100.0 
4.7 

167.5 
167.5 
122.2 

4  Novo 

132.0 

5  A.  &  W 

124.8 

6  Mclnnes 

7  Poldi 

90.3 
95.9 

8  A.  &  W 

9  Styrian 

109.8 
102.4 

10  Novo 

111.2 

11  Poldi 

12  A.  &  W 

167.5 
122.2 

13  A.  &  W 

132.0 

14  Mclnnes 

124.8 

15  Styrian 

90.3 

16  Poldi . 

109.8 

17  Novo 

18  Mclnnes 

19  A,  &  W 

102.4 

111.2 

95.9 

20  Novo 

21  Styrian 

122.2 
124.8 

22  Poldi 

23  Novo 

132.0 
90.3 

24  Mclnnes 

25  Styrian 

95.9 
109.8 

26  A.  &  W 

27  Poldi 

111.2 
102.4 

28  Rex 

123.2 
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TABLE  VI 

Experiments  with  High-Speed  Tool  Steel  on  Oast  Iron 

Peeliminaey  Trials 


1 

2 

3 

4 

5 

6 

7 

Name  of 
Brand  of 

Horse- Power 

Test 
Piece 

Trial 

Total 

Required  to 

Net 

Actual 
cutting 
speed 

Tool  Steel. 

No. 

No. 

output  of 

drive  lathe  and 

required  for 

Motor 

countershaft 

cutting 

Col.  (4) -(5) 

Ft./Min. 

1  Styrian 

28 

3 

2.52 

.65 

1.87 

54.8 

2 

it 

4 

2.78 

.67 

2.11 

36.2 

3 

11 

5 

2.30 

.63 

1.67 

32.5 

4 

ii 

6 

3.05 

.70 

2.35 

60.5 

5 

ii 

7 

2.29 

.63 

1.66 

59.6 

6 

.( 

8 

1.29 

.53 

.76 

58.0 

7 

(( 

9 

3.08 

.70 

2.38 

52.1    • 

8 

(1 

10 

2.42 

.64 

1.78 

47.6 

9 

11 

11 

1.46 

.55 

.91 

41.2 

10  Mclnnes 

1 

23 

1.83 

.58 

1.25 

28.4 

11 

" 

24 

1.90 

.59 

1.31 

31.8 

12 

ii 

25 

1.87 

.59 

1.28 

31.9 

13  Novo. 

a 

27 
28 

1.48 
1.67 

.55 

.57 

.93 
1.10 

40.7 

14       " 

43.7 

15      " 

" 

29 

1.41 

.54 

.87 

42.5 

16  Styrian    

11 

27 

30 

31 

130 

1.52 
1.42 
3.06 

.55 

.54 
.67 

.97 

.88 

2.39 

41.3 

17  Novo 

41.7 

18  Styrian 

152.1 

19  Novo 

ii 
ii 

131 
132 

2.83 

.55 

2.28 

153.1 

20  Mclnnes 

150.0 

21  Styrian 

16 

133 

4.89 

.89 

4.66 

111.0 

22  Novo 

(1 
23 

134 
135 

3.12 

2.74 

.68 
.64 

2.44 
2.10 

107.2 

23  Styrian 

133.8 

24 

(( 

136 

2.69 

.63 

2.06 

134.3 

25 

a 

137 

2.45 

.60 

1.85 

102.9 

26  Novo 

22 

138 
139 

'2!43" 

.60 

i.'ss 

106.3 

27       " 

101.5 

28  Styrian 

it 
31 

140 
141 
142 

2.50 
2.50 

2.82 

.65 
.65 
.64 

1.85 
1.85 
2.18 

79.5 

29  Jessop 

53.3 

30       " 

75.2 

31       " 

32 

143 

2.82 

.64 

2.18 

85.0 
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TABLE  Yl- (Continued) 


1 

8 

9 

10 

11 

12 

Name  of 

Cutting  force  on  point 
of  Tool. 

Size 

of 

Cut 

Area 

of 

Cut 

(cut  X  feed) 

Hardness 

Brand   of 
Tool  Steel 

Total 
calculated 

Per  Sq.  In. 
Area  of  cut 

of 
Test  Piece 

1  Styrian 

2 

3 

4 

5 

6     '    " 

7 

8 

9 

10  Mclnnes 

11 
12 
13  Novo 

Lbs. 

1126 

192S 

1696 

1282 

920 

432 

1508 

1235 

728 

1451 

1360 

1325 

754 

832 

675 

773 

697 

519 

492 

ii89 

752 
•518 
507 
593 

'595 

768 
1145 

958 
847 

Lbs. 

129300 
123200 
106000 
107800 
114800 
110800 
130000 
106500 
93400 
181000 
169800 
165300 
188000 
207000 
168200 
192500 
173500 
133000 
126000 

99i66 

93800 

132800 

130000 

152000 

152500 
196800 
142800 
119300 
105600 

Ins. 

1  X  tIs 
^   X  V-2 
i  X  ^ 

1    X   i^e 

i  X  A 
1  X  A 
1X3^ 
\   X   ^2 

h  X  tV 

il 

tV  X  Jg 

a 

a 
i     X      3^ 

A   X  tV 
i  X  xV 
i  X   ,V 

(( 
(1 
li 
a 
a 

i  X  A 

Sq.  In. 

.00870 
.01560 
.01600 
.01190 
.00802 
.00390 
.01160 
.01160 
.00780 
.00802 
.00802 
.00802 
,00401 
.00401 
.00401 
.00401 
.00401 
.00390 
.00390 
.00390 
.01200 
.00802 
.00390 
.00390 
.00390 
.00390 
.00390 
.00390 
.00802 
.00802 
.00802 

114.5 
114.5 
114.5 
114.5 
114.5 
114.1 
114.5 
114.5 
114.5 
342.0 
342.0 
342.0 
349  0 

14  " 

15  " 

16  Styrian 

17  Novo 

342.0 
342.0 
342.0 
342  0 

18  Styrian 

19  Novo 

132.0 
132  0 

20  Mclnnes 

21  Styrian 

22  Novo 

132.0 

109.8 
109.8 
122.2 
122.2 
122.2 
122  2 

23  Styrian 

24 
25 
26  Novo 

27  " 

28  Styrian 

29  Jessop 

30 

31         " 

167.5 
167.5 
124.5 
124.5 
124.5 
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TABLE  VII 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Skin  Cut  Trials 


1 

2 

3 

4 

5 

6 

7 

Name  of 

Brand  of 

Tool  Steel 

Test 
Piece 

No. 

Trial 
No. 

Horse-Power 

Actual 

Cutting 

Speed 

Total 

Output  of 

Motor 

Required   to 

drive  lathe  and 

countershaft 

Net 

Required  for 

Cutting 

1  Styrian 

28 
28 
29 
29 
29 

3 
6&7 

8 

9 

10 

11 

12&13 

14 

4 

5 
18 
19 
19 
20 
20 
17 
26 
25 
16 
24 
23 
21 
15 
22 
22 
32 

1 

2 

12 

13 

14 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

1.22 

0.82 
1.47 
2.53 
1.14 
1.38 
1.67 
1.48 
1.74 
1.96 
1.74 
1.86 
1.38 
1.82 
2.00 
2.12 
2.29 
2.29 
2.50 
2.41 
1.88 
1.88 
1.78 
1.83 
1.96 
1.84 
1.85 
2.19 
2.02 
1.76 
2.00 

.52 
.49 
.55 
.65 
.52 
.54 
.57 
.55 
.57 
.60 
.57 
.59 
.54 
.58 
.60 
.61 
.63 
.63 
.65 
.64 
.59 
.59 
.58 
.58 
.60 
.58 
.58 
.62 
.60 
.58 
.60 

Col.  (4)  -  (5) 

0.70 
0.33 
0.92 
1.88 
0.62 
0.84 
1.10 
0.93 
1.17 
1.36 
1.17 
l.*27 
0.84 
1.24 
1.40 
1.51 
1.66 
1.66 
1.85 
1.77 
1.29 
1.29 
1.20 
1.25 
1.36 
1.26 
1.27 
1.57 
1.42 
1.18 
1.40 

Ft./  Min. 
45.2 

2  Styrian 

36.3 

3  Mclnnes 

4  Mclnnes 

5  Mclnnes 

6  Styrian 

7  Styrian 

46.2 
59.5 
36.4 
50.6 
55.2 

8  Novo 

55.0 

9  Mclnnes 

10  Novo 

57.4 
55.5 

11  Mclnnes 

12  Poldi 

13  A  &  W 

54.4 
55.6 
55.3 

14  A  &  W 

56.0 

15  Styrian 

67.9 

16  Novo 

17  Mclnnes 

18  Mclnnes 

19  Poldi 

68.8 
68.5 
68.5 
68.0 

20  Novo 

68.2 

21  Styrian 

75.3 

22  Novo 

75.2 

23  Mclnnes 

24  Poldi 

75.7 
74.7 

25  A  &  W 

73.9 

26  Styrian 

27  Poldi 

72.2 
75.0 

28  A  &  W    

74.2 

29  Mclnnes 

30  Styrian 

31  Jessop  

73.8 
72.5 
46.1 
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TABLE  YII~{Continued) 


Name  of 
Brand  of 
Tool  Steel 


1  Styrian  . 

2  Styrian  . 

3  Mclnnes 

4  Mclnnes 

5  Mclnnes 

6  Styrian . 

7  Styrian. 

8  Novo. . . 

9  Mclnnes 

10  Novo. . . 

11  Mclnnes 

12  Poldi  .  . 

13  A  &  W  . 

14  A  &  W  . 

15  Stvrian  . 

16  Novo. .  . 

17  Mclnnes 

18  Mclnnes 

19  Poldi... 

20  Novo... 

21  Styrian . 

22  Novo... 

23  Mclnnes 

24  Poldi . . . 

25  A  &  \V  . 

26  Styrian. 

27  Poldi... 

28  A  &  W  . 

29  Mclnnes 

30  Styrian . 

31  Jessop   . 


Cutting  Force  on  Point 
of  Tool 


Total 
Calculated 


Lbs. 

511 
300 
658 

1042 
562 
548 
658 
558 
673 
809 
710 
754 
502 
732 
682 
725 
800 
800 
899 
858 
565 
567 
524 
553 
608 
577 
559 
699 
636 
538 

1001 


Per  Sq.  In. 
Area  of  Cut 


Lbs. 

101000 

59300 
168500 
133800 
144000 

93800 
112500 

95500 
115000 
138300 
121300 
129000 

85800 
125000 
116300 
185800 
205000 
205000 
230000 
219600 
145000 
145200 
134300 
141800 
155800 
147800 
143200 
179000 
163000 
137800 
128500 


10 


Size 

of 

Cut 


Ins. 


ix 


/a 


n 


Area  of 

Cut 

(cut  X  feed) 


Sq.  In. 

.00507 
.00507 
.00390 
.00780 
.00390 
.00585 
.00585 
.00585 
.00585 
.00585 
.00585 
.00585 
.00585 
.00585 
. 00585 
.00390 
.00390 
.00390 
.00390 
.00390 
.00390 
.00390 
.00390 
.00390 
00390 
.00390 
.00390 
.00390 
.00390 
.00390 
.00780 


12 


Hardness  of 
Test  Piece 


114.6 
114.5 
195.0 
195.0 
195.0 

94.2 
107.6 

94.3 
138.6 
106.8 
109.3 
103.3 
117.2 
109.2 
102.0 
107.0 
117.2 
117.2 
113.9 
113.9 

90.3 

95.9 
102.4 
109.8 
111.2 
122.2 
124.8 
107.0 
167.5 
167.5 
123.2 
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TABLE  VIII 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Endurance  Trials 


1 

2 

3 

4 

5 

6 

7 

Test 
Piece 

No. 

Trial 
No. 

Horse-Power 

Actual 
Cutting 
Speed 

Name  of 

Brand  of 

Tool  Steel 

Total 

Output  of 

Motor 

Required  to 

drive  lathe  and 

countershaft 

Net 

Required  for 

Cutting 

1  Novo 

29 
30 
30 
31 
29 
27 
27 

3 

3 

3 

1 

1 

2 

2 
31 
32 
12 
14 
13 
14 
14 

1 

1 

1 

32 

6&7 

7&8 

8&9 

9&10 

lO&ll 

11 

15 

17 

18 

124 

16 

19 

20 

36 

37 

38 

21 

22 

34 

35 

123 

126 

45 

47 

46 

48 

49 

26 

32 

33 

125 

39 

40 

41 

42 

43 

44 

2.83 
2.52 
2.31 
3.10 
-     3.58 
1.57 
1.49 
1.34 
1.33 
1.27 
1.56 
1.66 
2.13 
1.78 
2.98 
3.05 
3.16 
3.53 
3.67 
4.49 
4.83 
1.19 
1.24 
1.29 
2.03 
1.89 
1.56 
1.92 
2.04 
1.96 
1.79 

.68 

.65 

•63 

.68 

.75 

.56 

.49 

.54 

.47 

.47 

.56 

.56 

.61 

.58 

.66 

.67 

.68 

.73 

.74 

.83 

.87 

.52 

.53 

.47 

.57 

.57 

.50 

.59 

.60 

.54 

.53 

Col.  (4)  -  (5) 

2.15 

1.87 
1.68 
2.42 
2.83 
1.01 
1.00 
0.80 
0.86 
-     0.80 
1.00 
1.10 
1.52 
1.20 
2.32 
2.38 
2.48 
2.80 
2.93 
3.66 
3.96 
0.67 
0.71 
0.82 
].46 
1.32 
1.06 
1.33 
1.44 
1.42 
1.26 

Ft.  /Min. 

47.6 

2  Styrian 

48.3 

3  Mclnnes 

4  Jessop , 

5  Novo 

52.4 
76.9 
37.6 

6  Mclnnes 

7  Novo 

77.8 
75.5 

8  Stvrian 

63.6 

9  Mclnnes 

10  Novo 

67.7 
67.1 

1]  Styrian 

28.0 

12  Novo 

27.7 

13  Novo 

51.1 

14  Styrian 

53.2 

15  Jessop 

74.5 

16  Rex 

17  Stvrian 

18  Mclnnes 

19  Novo 

80.4 
88.7 
92.4 

97.7 

20  Poldi  

105.2 

21  A.  &W 

113.6 

22  Styrian 

38.7 

23  Mclnnes 

24  Styrian 

36.1 
36.6 

25  Rex 

84.6 

26  Styrian 

27  Novo   

28  Mclnnes 

29  Poldi 

76.6 
74.3 

77.5 
77.4 

30  A.  &  W 

75.0 

31  Mushet 

74.6 
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TABLE  Y 111— (Continued) 


1 

8 

9 

10 

11 

12 

Name  of 

Cutting  Force  on  Point 
of  Tool 

Size 

of 

Cut 

Area  of 
Cut 

(cut  X  feed) 

Hardness  of 

Brand  of 
Tool  Steel 

Total 
Calculated 

Per  Sq.  In. 
Area  of  Cut 

Test  Piece 

1  Novo 

Lbs. 

1492 

1275 

1059 

1040 

2482 

428 

437 

415 

419 

394 

1179 

1310 

982 

745 

1029 

978 

924 

1000 

1010 

1148 

1151 

571 

649 

739 

570 

569 

471 

567 

615 

625 

557 

Lbs. 

191500 

163500 

135800 

133300 

159100 

109700 

112000 

106400 

107300 

101000 

147000 

163500 

122500 

93000 

128300 

122000 

77900 

84000 

84900 

96500 

96800 

142300 

161600 

184000 

142000 

95700 

79200 

95300 

103200 

105000 

93800 

Ins. 

1      V        1 
« 

1  X  A 

i     X      3^3 
ii 

i  X  tV 

ii 
Ii 
ii 

i  X  A 

tV  X  tV 

1< 

-16      X     ^3 

ii 

Sq.  Ins. 

.00780 
.00780 
.00780 
.00780 
.01560 
.00390 
.00390 
.00390 
.00390 
.00390 
.00802 
.00802 
.00802 
.00802 
.00802 
.00802 
.01190 
.01190 
.01190 
.01190 
.01190 
.00401 
.00401 
.00401 
.00401 
.00595 
.00595 
.00595 
.00595 
.00595 
.00595 

195.0 

2  Styrian 

3  Mclnnes 

4  Jessop 

5  Novo 

124.2 
124.2 
124.5 
195.0 

6  Mclnnes 

7  Novo   

132.0 
132.0 

8  Styrian 

9  Mclnnes 

10  Novo 

11  Styrian 

12  Novo 

94.2 

94.2 

94.2 

342.0 

342.0 

13  Novo  

175.2 

14  Styrian 

15  Jessop 

16  Rex 

175.2 
124.5 
123.2 

17  Styrian 

18  Mclnnes 

19  Novo 

100.0 
117.2  • 
106.6 

20  Poldi 

21  A.  &W 

22  Styrian 

23  Mclnnes 

24  Styrian 

25  Rex 

117.2 
117.2 
342.0 
342.0 
342.0 
123.2 

26  Styrian 

27  Novo 

107.6 
90.4 

28  Mclnnes 

29  Poldi 

116.4 
122.7 

30  A.&  W 

31  Mushet 

108.0 
109.3 
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TABLE  IX 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Ieon 

Trials  to  Determine  Yariation  of  Durability  with  Cutting  Speed 


1 

2 

3 

4 

5 

6 

7 

Name  of 
Brand  of 
Tool  Steel 

Test 
Piece 

No. 

Trial 

No. 

Horse-Power 

Actual 

Cutting 

Speed 

Total 

Output  of 

Motor 

Required  to 

drive  lathe  and 

countershaft 

Net 

Required  for 

Cutting 

1  Styrian 

18 

18 

18 

18 

5 

5 

5 

5 

5 

4 

4 

4 

4 

19 

19 

19 

20 

20 

20 

59 
60 
61 
62 
58 
54 
55 
56 
57 
50 
51 
52 
53 
63 
64 
65 
66 
67 
68 

2.38 
2.71 
2.84 
3.08 
1.77 
1.58 
1.78 
2.16 
2.19 
2.61 
2.92 
3.14 
3.76 
4.48 
5.06 
5.20 
6.50 
5.98 
6.04 

.59 
.63 
.65 
.67 
.52 
.50 
.52 
.59 
.57 
.62 
.66 
.68 
.75 
.83 
.90 
.92 
1.07 
1.01 
1.01 

Col.  (4)~(5) 

1.79 
2.08 
2.19 
2.41 
1.25 
1.08 
1.26 
1.57 
1.62 
1.99 
2.26 
2.46 
3.01 
3.65 
4.16 
4.28 
5.43 
4.97 
5.03 

Ft./  Min. 
91.5 

2  Styrian  

102.5 

3  Styrian 

110.6 

4  Styrian 

5  Mushet 

120.6 
91.6 

6  Mclnnes 

7  Mclnnes 

8  Mclnnes 

9  Mclnnes 

10  Novo  

95.3 
100.3 
110.9 
123.4 

86.1 

11  Novo 

98.7 

12  Novo 

105.2 

13  Novo 

114.9 

14  Poldi 

106.8 

15  Poldi 

116.1 

16  Poldi 

125.7 

17  A.  &  W 

109.3 

18  A.  &  W 

120.0 

19  A.  &  W 

130.4 
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TABLE  IIL— {Continued) 


1 

8 

9 

10 

11 

12 

Name  of 

Cutting  Force  on  Point 
of  Tool 

Size 
of 
Cut 

Area  of 

Cut 
(cut  X  feed) 

Hardness  of 

Brand  of 
Tool  Steel 

•    Total 
Calculated 

Per  Sq.  In. 
Area  of  Cut 

Test  Piece 

1  Styrian 

2  Styrian 

3  Styrian 

4  Styrian 

5  Mushet 

6  Mclnnes 

7  Mclnnes 

8  Mclnnes 

9  Mclnnes 

10  Novo. 

Lbs. 

647 

670 

653 

661 

450 

374 

414 

468 

433 

763 

757 

772 

866 

1128 

1182 

1124 

1640 

1366 

1273 

Lbs. 

108800 

112600 

109800 

111000 

115400 

96000 

106100 

120000 

111100 

95300 

94400 

96300 

108000 

94000 

98500 

93750 

102500 

85500 

79600 

Ins. 

A  X  A 

i  X  A 

a 
a 
a 

}  X  ^ 

1< 
(< 
(( 

fV  X  tV 

u 
li 

i  X  tV 

(( 
a 

Sq.  Ins. 

.00595 
.00595 
.00595 
.00595 
.00390 
.00390 
.00390 
.00390 
.00390 
.00802 
.00802 
.-00802 
.00802 
.01200 
.01200 
.01200 
.01600 
.01600 
.01600 

107.0 
107.0 
107.0 
107.0 
102.0 
102.0 
102.0 
102.0 
102.0 
109.2 

11  Novo 

109.2 

12  Novo 

109.2 

13  Novo 

109.2 

14  Poldi 

117.2 

15  Poldi 

16  Poldi 

117.2 
117.2 

17  A.  &W 

18  A.  &W 

19  A.  &  W 

113.9 
113.9 
113.9 
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TABLE  X 

Experiments  with  High-Speed  Tool  Steel  on  Cast  Iron 

Trials  to  Determine  Variation  of  Durability  with  Hardness 


1 

2 

8 

4 

5 

6 

7 

Name  of 
Brand  of 
Tool  Steel. 

Test 
Piece 

No. 

Trial 

No. 

Horse-Power 

Total 

output  of 

Motor 

Eequired  to 
drive  lathe  and 
countershaft 

Net 

required  for 

cutting 

Actual 
cutting 
speed 

1  Novo 

22 
22 
23 
15 
21 
17 
26 
16 
25 
24 
22 
23 
15 
21 
17 
16 
25 
24 
26 
23 
21 
15 
17 
26 
16 
24 
25 
32 

94 
96 

85 
91 

88 
70 
73 
79 
76 
82 
95 
86 
92 
89 
71 
80 
77 
83 
74 
87 
90 
93 
72 
75 
81 
84 
78 
127 

1.57 
2.03 
2.08 
1.88 
2.18 
1.87 
2.51 
2.38 
2.26 
2.54 
2.44 
2.73 
2.62 
4.07 
2.65 
3.88 
3.33 
3.27 
3.83 
3.55 
4.05 
3.96 
3.36 
3.68 
4.58 
4.02 
4.22 
3.50 

.56 
.55 

.56 
.54 
.57 
.53 
.61 
.59 
.58 
.61 
.64 
.63 
.62 
.80 
.62 
.77 
.70 
.70 
.76 
.75 
.79 
.78 
.70 
.74 
.84 
.78 
.80 
.72 

Col.  (4)  -  (5) 

1.01 
1.48 
1.52 
1.34 
1.61 
1.34 
1.90 
1.79 
1.68 
1.93 
1.80 
2.10 
2.00 
3.27 
2.03 
3.11 
2.63 
2.57 
3.07 
2.80 
3.26 
3.18 
2.66 
2.94 
3.74 
3.24 
3.42 
2.78 

Ft./  Min. 
50.9 

2  Poldi 

75.1 

3  Stvrian 

75.2 

4  Novo 

100.3 

5  A.  &W 

6  Mclnnes 

7  Poldi 

8  A.  &  W 

101.5 
101.9 
125.8 
130.0 

9  Styrian 

10  Novo 

131.2 
132.0 

11  Poldi 

12  A.  &  W 

50.4 
70.9 

13  A.  c%  W. 

95.0 

14  Mclnnes 

15  Styrian 

16  Poldi 

95.2 

95.2 

120.0 

17  Novo 

121.2 

18  Mclnnes 

19  A.  &  W 

122.7 
143.4 

20  Novo 

65.5 

21  Styrian 

85.2 

22  Poldi 

86.2 

23  Novo  

88.8 

24  Mclnnes 

25  Stvrian 

101.1 
109.8 

26  A.'  &  W 

110.6 

-27  Poldi 

111.5 

28  Eex 

72.2 
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TABLE  X— (Continued) 


1 

8 

9 

10 

11 

12 

Cutting  Fo 

rce  on  Point 

Area  of 
Cut 

Name  of 
Brand   of 
Tool  Steel 

of 

rool 

Size 
of 
Cut 

Hardness  of 

Total 
Calculated 

Per  Sq.  In. 
Area  of  Cut 

(cut  X  feed) 

Test  Piece 

Lbs. 

Lbs. 

Ins. 

Sq.  Ins. 

1  Novo 

655 

168000 

i  X  A 

.00390 

167.5 

2  Poldi 

650 

668 

166500 
171100 

u 

.00390 
.00390 

167.5 

3  Styrian 

122.2 

4  Novo 

441 

113100 

ii 

.00390 

132.0 

5  A.  &  W 

523 

134200 

i  I 

.00390 

124.8 

6'  Mclnnes 

434 

111200 

u 

.00390 

90.3 

7  Poldi 

498 

127700 

ii 

.00390 

95.9 

8  A.  &  W 

454 

116300 

" 

.00390 

109.8 

9  Styrian 

422 

.108100 

u 

.00390 

102.4 

10  Novo 

482 
1179 

123500 
147100 

ii 
1    V    -L 

.00390 
.00802 

111.2 

11  Poldi 

167.5 

12  A.  &  W 

978 

122000 

it      '■" 

.00802 

122.2 

13  A.  &  W 

695 

86700 

li 

.00802 

132.0 

14  Mclnnes 

1134 

141500 

i  i 

.00802 

124.8 

15  Styrian 

704 

87800 

ii 

.00802 

90.3 

16  Poldi 

855 

106500 

ii 

.00802 

109.8 

17  Novo 

717 

89500 

ii 

.00802 

102.4 

18  Mclnnes 

692 

86300 

a 

.00802 

111.2 

19  A.  &  W 

706 

88100 

u 

.00802 

95.9 

20  Novo 

1410 
1264 

117500 
105300 

a\    X   J^ 

.01200 
.01200 

122.2 

21  Styrian 

124.8 

22  Poldi 

1219 

101500 

(( 

.01200 

132.0 

23  Novo 

989 

824C0 

a 

.01200 

90.3 

24  Mclnnes 

958 

79800 

a 

.01200 

95.9 

25  Styrinn 

1123 

93700 

ii 

.01200 

109.8 

26  A.  &W 

967 

80600 

a 

.01200 

111.2 

27  Poldi 

1012 

84500 

1 1 

.01200 

102.4 

28  Rex 

1271 

106000 

.01200 

123.2 
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Y.     Summary  of  Results 

(a)      Variation  of  Cutting   Forcewilh  Area  of  Cut 

The  effort  exerted  by  the  tool  in  cutting  Avas  determined  as 
explained  in  Part  III  (c).  The  horse-power  lost  in  driving  the 
lathe  and  countershaft  was  deducted  from  the  total  horse-power 
used  during  the  trial,  the  difference  being  the  net  horse-power 
required  for  cutting.  This  was  reduced  to  foot-pounds  per  min- 
ute, and  divided  by  the  cutting  speed,  giving  the  force  exerted. 
The  figures  so  obtained  were  reduced  to  pounds  per  unit  area  of 
cut,  and  plotted  as  ordinates  upon  a  base  of  area  of  cut  in  Fig.  14. 
The  curves  show  that  the  cutting  force  was  not  directly  propor- 
tional to  the  area  of  cut,  but  decreased  as  the  area  increased,  and 
that  the  average  cutting  force  varied  from  50  tons  per  square 
inch  for  soft  cast  iron  to  85  tons  per  square  inch  for  hard  cast 
iron.  Each  curve  shown  in  the  figure  represents  a  different 
hardness  of  cast  iron.  The  relative  hardness  is  shown  in  the 
table  on  the  figure. 

(h)      Variation  of  Durability  of  Tool  with  Cutting  Speed 

In  Fig.  15  are  shown  the  curves  which  represent  the  relation 
between  the  durability  of  the  tool  and  the  cutting  speed.  These 
are  important  curves.  Each  curve  represents  a  different  hard- 
ness of  cast  iron.  Referring  to  the  middle  curve,  which  is  for 
cast  iron  of  medium  hardness,  it  will  be  seen  that  a  cutting  speed 
of  50  feet  per  minute  is  satisfactory,  the  durability  being  100. 
If  the  speed  is  increased  very  materially,  the  durability  decreases 
quite  rapidly.  It  is  evident  that  for  each  hardness  of  cast  iron, 
the  cutting  speed  allowable  for  a  maximum  durability  exists 
where  the  vertical  line  indicating  cutting  speed  is  tangent  to 
curves  similar  to  those  drawn. 

(c)  Variation  of  Cutting  Speed  with  the  Hardness  of  Cast  Iron 
The  curve  shown  in  Fig.  16  represents  the  advisable  cutting 
speed  on  cast  iron  of  varying  hardness.  This  curve  represents  the 
result  of  all  the  tests  of  the  different  steels  tested.  This  curve 
shows:  (a)  that  any  of  the  steels  tested  can  remove  very  hard 
cast  iron  at  a  rate  of  25  feet  per  minute ;  (b)  that  all  of  the  steels 
tested  begin  to  wear  rapidly  at  speeds  a  little  above  125  feet  per 
minute.  Between  these  two  points  the  relation  between  a  safe 
cutting  speed  and  the  hardness  of  the  cast  iron  seems  to  be  defi- 
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nitely  expressed  by  the  curve.  It  would  seem  that  cast  iron  of 
medium  hardness,  100  to  120,  could  be  cut  at  125  feet  per  min- 
ute just  as  readily  as  at  70  feet  per  minute,  as  far  as  any  injury 
to  the  tool  is  concerned.  It  must  be  remembered  that  this  curve 
does  not  take  into  account  the  effect,  on  the  cutting  speed,  of  the 
variation  in  the  area  of  cut;   the  experiments    from   which  the 
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curve  was  plotted  were  in  all  cases  those  in  which  the  cut  was 
very  nearly  ^  in.  depth  of  cut  by  yV  i^i-  feed,  so  that  there  is 
but  a  slii<ht  variation  in  the  area  of  cut  in  all  of  the  experiments. 
From  the  curve  of  Fig.  16,  we  find  the  cutting  speeds  given  in 
Table  4  to  be  applicable  to  the  grades  of  iron  manufactured  by 
the  different  companies  sending  test  pieces.  In  order  that  any 
company  may  make  use  of  the  curve  shown  in  this  figure,  it  will 
be  necessarjT^  simply  to  determine  the  average  hardness  of  its  cast 
iron,  as  explained  elsewhere,  and  where  the  horizontal  line 
representing  this  hardness  cuts  the  curve,  the  possible  safe  cut- 
ting speed  may  be  read  on  the  scale  below.  This  curve  should 
prove  useful  to  various  manufacturers. 

TABLE    4 

Allowable  Cutting  Speeds  for  Grades  of  Cast  Iron  Used  in  the  Tests 


Name  of  Company  Sending  Teat  Pieces 


Average 
Hardness  of 
Test  Pieces 


Allowable 
Cutting 
Speed 


Pierce  Plant  . . . 
Michigan  Plant. 


American  Radiator  Co -{  Detroit  Plant. 

Chicago,  111. 


I 


—  Plant 

Marked  5-17-05 

—  Plant 

Marked  B  5-26-05 

—  Plant 

Marked  B  6-2-05 


Crane  Company.  . . . 
Chicago,  111. 


(Grey  Iron  . 
Ferro-Steel . 


Root,  Van  Dervoort  Eng'g  Co. 

East  Moline,  111. 
University  of  Illinois 

M.  E.  Dept.  Shops. 


101.8 
110.7 
109.3 
112.7 
138.1 
103.1 

132.0 
342.0 
175.2 
136.3 


132.0 
118.0 
120.0 
90.0 
60.0 
132.0 

63.0 
28.0 
48.0 
60.0 


(d)  Generally  speaking,  all  the  steels  tested  proved  equally 
effective.  It  is  very  evident  that  there  are  great  possibilities 
ahead  for  high-speed  steels.  Before  realizing  their  full  benefit, 
however,  certain  advances  must  be  made.  Heavier  machine  tools 
must  be  built.     The   capacity  of   the    motors  and   power  plants 
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must  be  increased.  Special  hardening  furnaces  with  temperature 
measuring  devices  must  be  available.  More  must  be  known  con- 
cerning the  chemical  and  physical  properties  of  the  various  steels. 
(e)  Tool  steels  are  now  available  that  will  cut  cast  iron  from 
two  to  three  times  as  fast  as  was  possible  a  few  years  ago.  When 
every  advantage  has  been  taken  of  these  possibilities,  the  cost  of 
manufacturing  many  articles  should  be  materially  reduced. 

VI.   Reference  List  of  Articles  on  High-Speed  Steels 

Experiments  with  a  New  Tool  Steel :  by  F.  Heissig,  in  Stahl  and 
Eisen^  January  1,  1901. 

Results  of  tests  made  by  Bohler  Bros,  and  Co.,  Vienna 
and  Berlin,  on  their  Styrian  Steel  marked  Bohler  Rapid. 

Extract  of  Report  of  Experiments  of  Taylor  and  White,   at  the 
Bethlehem   Steel   Oo.,   S.  Bethlehem,  Pa. :  in  Zeitschrift  des 
Yereines  Deutsoher  Ingenieuve,  March  30,  1901. 
The   Taylor- White  Process  of   Treating   Tool  Steel  and  Its 
Influence  on  the  Mechanic  Arts :  by  Charles  Day,  in  Jour- 
nal of  the  Franklin  Institute^  September,  1903. 

High-Speed  Steel :  in  Zeitsohrift  des    Vereines    Deutscher    In.gen- 
ieure^  September  28,  1901. 

Report  of  experiments  instituted  by  the  Berlin  section  of 
the  Vereines  Deutscher  Ingenieure.  Test  made  on  forged 
and  cast  steel  and  cast  iron. 

High-Speed  Tool  Steel :  by  F.  Reiser,  in  Stahl  and  Eisen^  Janu- 
ary 15,  1903. 

A  discussion  of  the  chemical  properties  of  high-speed  and 
self-hardening  tool  steels. 

Speeds,  Feeds  and  Angles  of  Metal-Ontting  Tools:  by   F.   Don- 
aldson, in  American  Machinist,  March  5,  1903. 

Discussion  of  the  relation  of  cutting  angles  to  angles  to 
which  tools  are  ground. 

The  Requirements  of  Machine  Tool  Operation  with  Special  Ref- 
erence to  the  Motor   Drive :    by   Charles   Day,    in   American 
Machinist,    Part  I,    March  12,  1903,  Part  II,  March  19,  1903. 
Discussion  of  tools  driven  by  electricity. 
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Metal  Cutting  with  the   New   Tool    Steels  :  by  Oberlin   Smith,  in 
Engineering  Magazine,  April,  1903,  Vol.  25. 
Discussion  of  changes  in  the  design  and   operation  of  ma- 
chines to  be  wrought  by  the  new  tool  steels. 

Notes  on  High-Speed  Tool  Steels :  by   Henry  H.  Suplee,    in  En- 
gineering^   (London),  July   31,  1903,  Vol.  76. 

Results  of  tests-  made  at   the    Union  Pacific  Shops,  Omaha, 
Nebraska. 
Rapid   Tool   Steels:    in   Engineering    (London),  August  21, 1903, 
Vol.  76. 

Chemical  properties  of  the  new  steels  with  attainable 
speeds.  Editorial. 

Rapid-Cutting  Tool  Steels:  in  Engineering   (London)  October  30, 
1903,  Vol.  76. 

Report  on  experiments  made  at  the  Manchester  Municipal 
School  of  Technology  under  the  direction  of  a  joint  com- 
mittee from  the  above  school  and  the  Manchester  Associa- 
tion of  Engineers.  A  very  elaborate  and  interesting  report 
by  Professor  J.  T.  Nicolson,  also  reported  in  the  American 
Machinist,  November  19  and  26,  1903. 

The  Analysis   of   High-Speed    Steels:    in  Engineering  (London), 
November  20,  1903,  Vol.  76. 

Methods  of  testing  for  different  chemical  constituents 

Cutting   Speeds    and   Feeds   with   New  .Tool  Steels :  by   Oberlin 

Smith,  in  Engineering  Magazine^  January,  1904,  Vol.  26. 

Record  of  actual  results   obtained. 

Rapid-Cutting  Steel:    by  Professor   J.  T.  Nicolson,  in    Technics^ 

January,  1904. 

A  very  interesting  summary  of  Berlin  and  Manchester 
experiments.     The  following  formula  is  deduced  : 

K 
V=^Y  +  M 

a  +L 

V  =  allowable  cutting  speed  in  feet  per  minute 
a  =  area  of  cut  in  square  inches 
K,  L,  M  =  constants  for  different  materials 
See  Table  5.     The  chemical  analyses  to  which  these  tables 
apply  are  given  in  Table  6.     It  is  probable  that  these  re- 
sults  were   obtained   under   the  most  favorable  conditions 
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and  therefore  represent  the  maximum  results  obtainable 
at  the  time  of  these  experiments.  It  is  a  question  whether 
these  results  can  be  attained  in  the  work  shop,  where  the 
conditions  are  frequently  not  so  favorable. 

Table  5 
Constants  for  Use  in  the  Equation  Giving  the  Relatio.v  Between  Cutting 
Speed  and  Area  of  Cut 
(Experiments  by  Nicolson) 


Constant 

Fluid  Pressed  Steel 

Cast- Iron  Bars 

Soft 
1.950 

Medium 

Hard 

Soft 

Medium 

Hard 

K 

1.850 

1.030 

3.100 

1.650 

1.300 

L 

.011 

.016 

0.160 

.025 

.030 

.035 

M 

15.000 

6.000 

4.000 

8.000 

7.000 

5.500 

TABLE  6 

Chemical  Composition  of  Materials  Referred  to  in  Table  5 
(Experiments  by  Mcolson) 


Fluid  Pressed  Steel 

Cast-Iron 

Soft 

Medium 

Hard 

Soft 

Medium 

Hard 

Carbon 

.198 

.275 

.514 

Combined  Carbon. 

.459 

2.603 

3.010 

1.180 

.031 

.-773 

.585 
2.720 
1.703 
.588 
.061 
.526 

1 . 1500 

Graphite 

1.8750 

Silicon 

Manganese 

Sulphur 

.055 
.605 
.026 
.035 

.086 
.650 
.037 
.043 

.111 

.792 
.033 
.037 

1.7890 
.3480 
1614 

Phosphorus 

.7320 

The  .Heat  Treatment  of  Steel :  in  Proceedings  of  the  Institute  of 
Mechanical  Engineers.,  January,  1904,  Sixth  Report  of  the 
Alloys  Research  Committee. 

Discussion  of  hardening,  annealing  and  chemical  properties 

of  steel. 
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The  Introduction   of   High-Speed   Steels  in   Engineering    Work 
Shops:  in  Engineering  (London),  March  4,  1904,  Vol.  77. 

High-Speed   Tool   Steel :     Its   Manufacture   and  Use :    by   J.    M. 
Gledhill,  in  Technics,  Part  I,  June,  1904;  Fart  II,  July,  1904. 
Some  constituents  and  processes  used  in  the  manufacture  of 
high-speed  steel. 

Experiments  with  a  Lathe-Tool  Dynamometer:  by  Professor  J.  T. 
Nicolson,  in  Trans.  A.  S.  M.  E.,  Vol.  25,  1904. 
Measures   all   forces   acting  on  a   lathe  tool  while  cutting. 
Valuable  for  designers  of  lathes.      Discussion  of  influence 
of  cutting  angles  on  power  required  to  cut. 

A  Twist  Drill  Dynamometer:    by   Wm.  W.  Bird   and  Howard  O. 
Fairfield,  in  Trans.  A.  S.  M.  K,  Vol.  26,  1904. 

Measures  both  the  twist  and  torque  of  drill  while  cutting 
with  high-sx3eed  drills. 

The    Chemical  Analysis   of   High-Speed  Steels   and   Alloys:    by 
Fred  Ibbotson,  in     Technics,  October,  1904. 

Tlie  Development  and  Use  of  High-Speed  Tool  Steel:    by  J.  M. 
Glodhill,  in  American  Machinist,  December  22,  1904. 

Interesting  results  of  experiments  made  to  find  the  effectof 
various  chemical  constituents  on  the  cutting  powers  of  the 
tool  steel. 

Feeds  and  Speeds  for  Lathe  Work:  by  T.  A.  Sperry,  in  Ameiican 
Machinist,  May  25,  1905. 

Results  of  observations  at  the  shops  of  the  Cincinnati  Milling 
Machine  Company. 

High-Speed  Steel  in  the   Factory:    by    O.  M.  Becker  and  Walter 
Brown,  in  Engineering  Magazine,  beginning  September,  1905. 
Conclusions  of   a   practical   study  of  the  use  of  high-speed 
steel  and  its  introduction  into  the  factory. 

Economy  of  High-Speed  Steel  Tools :  by  F.  D.  Smith  and  H.  S. 
Greene.  Thesis  for  a  degree  in  Electrical  Engineering  in  the 
College  of  Engineering,  University  of  Illinois,  June,  1905. 
Tests  made  at  the  Chicago  and  Eastern  Illinois  Railway 
Shops,  Danville,  Illinois,  showing  that  the  cost  of  remov- 
ing a  pound  of  metal  with  low-speed  steel  is  from  2.2  to 
4.8  times  as  great  as  when  using  high-speed  steel. 
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APPENDIX 

Instructions     for  Hardening  the    Steels  Used   furnished  by 
the  makers. 

(1)  Directions  for  working  Styrian  Steel,    marked  Bohler  Rapid 

For  Forging : 

Heat  to  a  bright  red.  Do  not  allow  the  heat  to 
run  as  low  as  a  cherry-red  while  forging.  After 
forging  allow  the  tool  to  cool  slowly  before  hard- 
ening. 

For  Hardening  :  Lathe,  Planer  and  Boring  Tools. 

Heat  to  a  white  heat  but  not  to  a  scaling  or  melt- 
ing point,  just  a  good  white  heat.  Cool  in  the 
air  or  a  cold  blast. 

Houghton  and  Richards, 

American  Agents. 

(2)  Directions  for  working  Jessop's  "Ark"  High-Speed  Steel 

For  Forging : 

Heat  the  steel  to  a  canary  color,  retaining  this 
heat  until  the  tool  is  forged  as  nearly  as  possible 
to  the  shape  required.  The  tool  may  be  rough 
finished  by  grinding  while  yet  hot  on  a  dry  emery 
wheel.  It  should  then  be  laid  aside  in  a  dry 
place  until  black. 

For  Hardening : 

Place  the  nose  of  the  tool  in  a  clear  fire.  Slowly 
heat  the  steel  to  a  white  or  welding  heat,  not 
over  one  inch  from  the  end.  The  nose  of  the 
tool  should  be  made  fusing  hot.  Then  it  should 
be  placed  under  a  strong,  cold,  dry  air  blast 
until  cold. 

William  Jessop  and  Sons,  Limited, 

New  York. 
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(3)  Directions  for  working  Mclnnes's  "Extra"  High-Speed  Air- 

Hard  Steel 

For  Forging  and  Hardening : 

Forge  the  steel  at  the  ordinary  tool-steel  forging 
heat;  after  the  tool  is  forged  to  the  desired 
shape,  reheat  the  cutting  end  to  a  light  cherry- 
red,  and  cool  in  an  air  blast.  In  order  to  bring 
out  the  quality  of  this  steel  wh^^n  the  tool  is 
forged  to  the  above  instructions,  it  should  be  run 
at  high  speed  in  the  lathe  or  planer  until  the 
edge  is  worn  off  two  or  three  times  and  reground. 
After  each  grinding  the  tool  gets  better  until 
it  gets  to  its  limit. 

McInnes's  Steel  Company,  Limited, 

Oorry,  Pennsylvania. 

(4)  Directions  for  v/orking  Mushet  '"Special"  High-Speed   Steel 

For  Hardening : 

When  forged,  the  cutting  end  of  the  tool  should  be 
reheated  to  a  white  heat,  and  then  immediately 
blown  cold.  While  hob  this  steel  must  be  kept 
from  water. 

(5)  Directions  for  working  "Air  Novo"  High-Speed   Tool  Steel 

For  Forging: 

The  steel  must  be  heated  thoroughly,  so  that  it  is 
hot  all  the  way  through.  The  forging  color  must 
be  a  very  light  yellow.  Do  not  hammer  the  steel 
when  it  gets  down  to  a  dark  red,  but  reheat 
it.  After  the  tools  are  forged  lay  them  down  to 
cool. 

For  Hardening : 

Heat  the  cutting  edge  only  of  the  tool  to  a  white 
welding  heat.  Heat  't  until  it  begins  to  flow. 
Then  put  the  tool  into  a  compressed  air  blast,  or 
dip  immediately  into  thin  lard,  linseed  or  fish 
oil  until  thoroughly  cold. 

Hermann  Boker  &  Co., 

New  York. 
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(6)     Directions  for  working  "Rex"  High-Speed  Tool  Steel 

For  Forging : 

Use  a  clean  lire  and  forge  at  a  bright  red  heat, 
holding  the  steel  at  this  heat  as  nearly  as  possi- 
ble while  the  forging  is  being  done.  Forging  at 
too  low  a  heat  will  cause  the  steel  to  burst  in 
forging.  When  tool  is  forged  lay  it  down  in  a 
dry  place  to  cool. 

For  Hardening : 

Use  a  clean  fire  or  furnace  and  bring  the  point  or 
cutti.ig  portion  of  the  tool  gradually  to  a  sweat- 
ing white  heat.  This  heat  is  indicated  by  a 
flux,  having  the  appearance  of  melted  borax, 
forming  on  the  nose  of  the  tool.  Confine  the 
high  heat  as  much  as  possible  to  the  cutting 
portion  of  the  tool.  When  the  proper  heat  is 
reached,  take  from  the  fire  and  carefully  re- 
move the  oxide  scale  which  instantly  forms  on 
the  heated  portion  of  the  tool.  This  can  be  done 
with  a  coarse  file,  and  will  permit  the  cutting 
portion  of  the  tool  to  cool  olf  much  more  uni  • 
formly  and  rapidly  than  if  the  oxide  scale  is 
allowed  to  remain.  When  extremely  hard  and 
tough  metal  is  to  be  machined,  blow  cold  in  fan ' 
or  drj^  compressed  air  blast. 

Crucible  Steel  Company  of  America, 

Pittsburg,  Pa. 

The  directions  received  from  the  American  Radiator  Com- 
pany for  hardening  the  two  foreign  steels,  "A  &  W"  and  "Poldi"? 
applied  to  nipple  dies.  The  same,  however,  were  used  in  the 
tests  for  lathe  tools,  with  the  exception  of  being  heated  in  a  forge 
fire.     They  are  as  follows : 

(7)  For  Hardening  "A  &  W"  High-Speed  Tool  Steels,  m.an- 

ufactured  by  Armstrong,  Whitworth   and  Company, 
Limited,  England : 

"When    tempering   the  steel    for  nipple  dies,    we 
placed  the  dies  in  a  retort,  and  heated  them  so 
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that  the  cutting  end  reached  a  white  heat ;  then 
the  dies  were  placed  in  a  strong  air  blast  and 
cooled  to  a  cherry-red  color,  after  which  they 
were  dropped  into  a  tempering  oil.  Tempering 
in  this  manner  gives  by  far  the  best  wearing 
point  to  the  steel". 

(8)     Directions  for  Hardening  "Poldi"  High-Speed  Tool  Steel : 

"This  steel  was  treated  in  a  slightly  different  man- 
ner from  the  'A  &  W.  The  dies  were  heated 
to  a  white  heat  in  a  retort,  and  then  cooled  in  an 
air  blast  until  they  were  absolutely  cold." 
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By  L.  p.  Breckenridge,  Director  of  the  Engiisteering  Experiment 

Station. 

The  Engineerinsf  Experiment  Station  of  the  University  of 
Illinois  was  established  by  action  of  the  Board  of  Trustees,  Dec- 
ember 8,  1903.  It  is  the  purpose  of  the  station  to  carry  on  inves- 
tigations along  various  lines  of  engineering,  and  to  make  studies 
of  problems  of  importance  to  professional  engineers,  and  to  the 
manufacturing,  mining,  railway,  constructional  and  industrial  in- 
terests of  the  state.  It  is  believed  that  this  experimental  work 
will  result  in  contributions  of  value  to  engineering  science  and  to 
the  industries  of  the  state,  and  that  the  pursuit  of  such  investiga- 
tions will  give  inspiration  to  students  and  add  to  the  value  of  the 
instructional  work  in  the  College  of  Engineering. 

The  value  to  the  state  of  the  work  done  by  the  Agricultural 
Experiment  Station  has  suggested  the  possibility  of  doing  work 
of  similar  value  to  the  industrial  interests  of  the  state.  It  is  be- 
lieved that  Illinois  is  the  first  state  to  establish  an  engineering- 
experiment  station,  but  there  is  every  reason  to  believe  that  many 
other  states  will  soon  move  in  such  a  direction.  When  a  number 
of  states  have  established  such  stations,  it  is  entirely  reasonable  to 
suppose  that  the  federal  government  may  be  depended  upon  to 
give  the  same  aid  to  these  engineering  stations  that  it  now  does 
to  the  agricultural  experiment  stations. 
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II.     Plan  of  Organization 

The  organization  for  directing  and  guiding  the  operations  of 
the  station  consists  of  a  director  and  a  station  staff.  The  staff 
consists  of  seven  members,  representing  with  the  director  tlie  lieads 
of  the  different  departments  of  the  College  of  Engineering.  A 
corps  of  assistants  will  be  appointed  whose  entire  time  will  be  de- 
voted 'to  the  prosecution  of  such  experimental  investigations  as 
may  be  approved  by  the  station  staff.  Several  assistants  have 
already  been  appointed  who  have  been  detailed  to  take  up  special 
investigations  under  the  supervision  of  some  member  of  the  staff. 
Preparations  are  being  made  for  other  experimental  work,  and 
as  fast  as  the  necessary  apparatus  and  equipment  can  be  ar- 
ranged, additional  assistants  will  be  put  in  charge  of  the  work. 
Encouragement  and  aid  will  be  given  to  instructors  already  em 
ployed  by  the  University  who  desire  to  take  up  some  line  of  re- 
search work.  Whenever  such  men  prove  to  be  successful  experi- 
menters and  clear  writers,  some  arrangement  maybe  made  where- 
by a  part  of  their  time  may  be  devoted  to  the  work  of  the  station 
and  a  correspondingly  proportionate  part  of  their  salary  paid 
from  the  funds  of  the  station. 

III.     Work  Already  Accomplished 

The  first  work  undertaken  by  the  Engineering  Experiment 
Station  was  an  investigation  of  reinforced  concrete  and  the  prop- 
erties of  concrete  affecting  reinforced  concrete  construction. 
The  results  of  this  work  are  recorded  in  Bulletin  No.  1,  Tests  of  Re- 
inforced Concrete  Beams,  by  Arthur  N.  Talbot,  which  was  published 
as  University  of  Illinois  Bulletin,  Volume  II,  No.  1.  September  1, 
1904.  This  was  one  of  the  first  extensive  and  systematic  investi- 
gations on  reinforced  concrete  made  in  this  country,  and  the  re- 
sults aided  in  clearing  up  a  number  of  controverted  points.  While 
the  investigation  was  carried  on  largely  as  senior  thesis  work, 
the  character  of  the  work  and  the  supervision  and  planning  given 
to  it,  together  with  the  method  of  furnishing  materials  and  ap- 
paratus, warrant  giving  more  weight  to  the  results  than  may  usu- 
ally be  given  to  results  of  student  work.  The  investigation  cov- 
ered a  considerable  range.  The  results  on  bond  between  con- 
crete and  steel  (plain  and  deformed  bars)  and  on  the  relation  be- 
tween compressive  stress  and  deformation  were  of  interest.  The 
measured  deformations  obtained  in  plain  concrete  beams  showed 
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that  up  to  the  breaking  point  in  tension  the  modulus  of  elasticity 
for  tension  is  practically  equal  to  that  for  compression,-  instead 
of  being  one-half  as  great,  as  had  generally  been  assumed  by 
writers  on  this  subject.  In  reinforced  concrete  beams,  the  action 
of  the  steel  and  concrete  during  flexure  was  studied.  It  was  shown 
that  the  concrete  failed  in  tension  at  its  usual  breaking  limit  in- 
stead of  carrying  stress  to  ten  times  that  limit,  as  had  been  claimed 
by  some  experimenters,  and  the  added  stretch  in  the  steel  at  this 
point  was  clearly  shown  on  the  diagrams. 

Among  the  results  brought  out  by  this  investigation  were  the 
following:  the  stages  of  action  during  flexure;  the  accurate  deter- 
mination of  the  position  of  the  neutral  axis;  a  basis  of  calculation 
of  resisting  moment  of  beam  based  upon  tension  in  the  steel;  the 
value  of  an  experimental  determination  of  the  position  of  the  neu- 
tral axis  and  of  the  percentage  of  steel  suitable  for  a  given  con- 
crete; the  effect  of  elastic  limit  of  steel  and  of  form  of  bar  upon 
strength  of  beam.  The  tests  also  opened  up  the  field  for  further 
experimentation.  The  publication  of  the  results  was  received 
with  much  interest  by  the  engineering  press  and  the  engineering 
profession.  The  comments  made  gave  testimony  to  the  thorough- 
ness of  the  work  and  to  the  great  interest  and  value  attached  to 
the  investigation,  as  throwing  new  light  on  a  subject  very  much 
in  need  of  scientific  data.  Requests  for  Bulletin  No.  1  have  come 
from  all  parts  of  the  world.  The  investigation  of  reinforced  con- 
crete beams  is  being  continued  and  experiments  on  reinforced 
concrete  columns  have  been  started. 

Circular  No.  1,  High-Speed  Tool  Steels,  by  L.  P.  JBreckenridge,  was 
issued  April  15,  1905.  In  this  circular  is  given  a  brief  review  of 
the  results  of  experiments  made  by  different  engineers  with 
this  new  tool  steel.  Experiments  with  high-speed  tool  steels  on 
cast  iron  have  been  in  progress  at  the  shops  of  the  mechanical 
engineering  department  of  the  University  during  the  last  year. 
These  tests  have  been  carried  on  by  H.  B.  Dirks,  M.  E.,  and  con- 
stituted the  basis  for  his  graduate  work. 

Bulletin  No.  2,  Tests  of  Tligh- SjJeed  Tool  Steels  on  Cast  Tron,  by  L. 
P.  Breekenridge  and  H.  B.  Dirks,  giving  the  results  of  these 
experiments,  was  published  in  January,  1906.  These  tests  were 
made  with  eight  different  brands  of  tool  steel  on  cast-iron  test 
pieces  of  varying  hardness.  The  hardness  of  these  test  pieces 
was  obtained  by  the  use  of  a  twist  drill  weighted  to  a  known  pres- 
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sure  and  run  at  a  constant  speed,  the  degree  of  hardness  being 
based  on  the  depth  to  which  the  drill  would  enter  in  a  given  time. 

The  work  was  divided  into  several  sets  of  tests,  viz.,  prelim- 
inary trials;  skin- cut  trials;  endurance  trials;  trials  to  obtain  the 
durability  of  the  steel  at  different  cutting  speeds  on  cast  iron  of 
constant  hardness;  and  trials  to  obtain  the  durability  of  the  steels 
on  cast  iron  of  varying  hardness.  Tables  giving  in  full  the  re- 
sults of  these  different  tests  are  supplemented  by  plates  showing 
graphically  some  of  the  following  relations:  cutting  force  on  point 
of  tool  and  area  of  cut  for  cast  iron  of  varying  hardness;  durabil- 
ity of  tool  and  cutting  speed  for  cast  iron  of  varying  hardness; 
cutting  speed  in  feet  per  minute  and  hardness  of  cast  iron. 

From  the  last  mentioned  it  was  found  that  all  the  steels  tested 
can  remove  very  hard  cast  iron  at  25  feet  per  minute,  that  all 
steels  begin  to  wear  rapidly  at  speeds  a  little  above  125  feet  per 
minute,  and  that  between  these  two  points  there  seems  to  be  a 
definite  relation  between  the  hardness  of  the  iron  and  the  cutting 
speed.  The  general  results  show  that  there  are  great  possibili- 
ties ahead  for  high-speed  steels.  Tool  steels  are  now  available 
that  will  cut  cast  iron  from  two  to  three  times  as  fast  as  was  pos- 
sible a  few  years  ago. 

Circular  No.  2,  Drainage  of  Earth  Roads,  dy  Ira  0.  Baker,  prac- 
tically a  reprint  of  Agricultural  Experiment  Station  Bulletin  No.  65, 
was  issued  in  February,  1906,  for  the  use  of  the  Good  Road  Train 
of  the  Chicago  and  Alton  Railway  Company,  at  the  expense  of 
the  latter. 

Experiments  are  in  progress  under  the  direction  of  the  de- 
partment of  Civil  Engineering  on  the  holding  power  of  the  various 
forms  of  plain  and  screw  railroad  spikes  in  treated  and  untreated 
timber  with  the  view  of  determining  the  most  efficient  method  of 
fastening  the  rails  to  the  ties, — an  important  matter'  since  the 
hard  woods  are  now  almost  exhausted,  and  attention  must  be  giv- 
en to  the  softer  woods. 

Experiments  on  the  collapse  of  boiler  tubes  are  in  progress 
by  the  department  of  Physics.  For  these  tests  the  Bethlehem 
Steel  Company  has  furnished  a  hollow  nickel- steel  tube,  twelve 
feet  long,  with  an  internal  diameter  of  five  inches,  capable  of 
withstanding  an  internal  pressure  of  6000  pounds  per  square  inch. 
A  special  pump  capable  of  producing  a  pressure  of  15,000  pounds 
per  square  inch  has  been  imported  for  these  experiments.     The 
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department  is  also  investigating  the  subject  of  measurement  of 
high  temperatures,  such  as  are  found  in  boiler  and  other  furnaces 
used  in  industrial  works.  Both  recording  and  optical  pyrometers 
are  being  studied. 

IV.     Character  of  the  Work  to  be  Undertaken 

In  determining  the  character  of  the  work  which  the  station 
shall  undertake,  the  most  careful  consideration  will  be  given  to 
the  needs  and  the  interests  of  the  state.  At  the  same  time  we 
shall  not  forget  the  debt  which  Illinois  owes  to  her  older  sister 
states  or  to  foreign  nations  for  furnishing  freely  the  results  of 
scientific  investigations  or  experimental  determinations,  making 
it  possible  for  Illinois  more  cheaply  to  construct  its  railroads, 
mine  its  coal,  generate  its  power,  harvest  its  crops,  communicate 
with  its  neighbors,  and  build  its  factories,  its  public  buildings 
and  its  homes. 

The  work  of  the  station  will  also  be  largely  determined  by 
the  funds  and  facilities  which  are  available  for  its  work.  It  will 
seek  the  cooperation  of  all  the  industrial  enterprises  of  the  state, 
both  great  and  small,  and  it  will  give  help  along  those  lines  that 
promise  to  aid  the  greatest  number  of  its  people. 

The  work  of  the  station  should  also  extend  into  some  fresh 
fields,  seeking  to  discover  new  ways  and  means  for  economizing 
energy  and  materials,  for  the  prevention  of  waste,  for  the  perfec- 
tion of  labor-saving  machinery,  for  safer  methods  of  travel,  and 
for  surer  sanitary  methods  of  water  supply  and  sewage  disposal. 

As  an  indication  of  the  character  of  the  work  which  it  is  pro- 
posed to  do,  the  following  short  titles  are  given  of  some  of  the 
most  important  investigations  which  have  been  submitted  for  the 
approval  of  the  station  staff. 

By  the  Department  of  Architecture 

1.  Insulating  walls  and  materials  to  prevent  transmission  of 
sound,  heat,  dampness,  etc. ; 

2.  Resistance  of  hollow  concrete  building  blocks  to  trans- 
mission of  heat,  sound,  dampness,  etc. ; 

3.  Transmission  of  heat,  light  and  sound  through  several 
thicknesses  of  glass  in  windows; 

4.  Comparative  strength  of  wooden  beams  in  tension,  spliced 
in  various  ways; 
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5.  Strength  of  compound  (flitched)  steel  and  wooden  beams; 

6.  Strength  of  built-up  wooden  girders; 

7.  Syphonage  of  traps  and  its  prevention; 

8.  Collection  of  best  plans  for  small  country  schools; 

9.  Collection  of  best  plans  for  farm  houses  and  buildings. 

By  the  Department  of  Civil  Engineering 

1.  Tests  of  road-building  materials; 

2.  Tests  of  angles  riveted  by  one  leg; 

3.  Effects  of  punching,  reaming  and  boring  upon  different 
grades  of  steel. 

By  the  Department  of  Electrical  Engineering 

1.  Advantageous  rates  of   acceleration  for  passenger  and 
freight  service; 

2.  Loss  from  braking,   and  its  partial  recovery  by  raising 
the  level  of  regular  stopping  points; 

3.  Increased  tractive  effort  due  to  winds  in  various  directions; 

4.  Possible  utility  of  some  form  of  transmission  or  speed- 
changing  ratio  between  motor  and  car  for  overcoming  grades; 

5.  Economical  lighting  of  large  halls; 

6.  Determination  of  the  minimum  candle-feet  required  for 
comfortable  reading  with  lamps  of  different  color  values; 

7.  Methods  for  increasing  the  time  efficiency  of  long  dis- 
tance lines. 

By  the  Department  of  Mechanical  Engineering 

1.  Experiments  with  high-speed  tool  steels  (continued); 

2.  Boiler  trials  with  Illinois  coals  (continued); 

3.  Transfer  of  heat  through  scaled  boiler  tubes; 

4.  Comparative  economy  of  domestic  coals  for  residence  heat- 
ing; 

5.  The  economy  of  municipal  power  and  pumping  plants; 

6.  Experiments  with  superheated  steam; 

7.  Experiments  with  gas  producers. 

By  the  Department  of  Physics 

1.  Resistance  of  boiler  flues  to  collapse; 

2.  Heat  conductivity  of  walls  of  buildings; 

3.  Appliances  for  measuring  high  temperatures  under  fur- 
nace conditions; 
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4.  Determination  of  vapor  densities  at  very  high  tempera- 
tures and  high  pressures. 

By  the  Department  of  Railway  Engineering 

1.     Locomotive  road  tests  and  railway  train  resistance. 

By  the  Department  of  Theoretical  and  Applied  Mechanics 

1.  Reinforced  concrete  beams  (continued); 

2.  Reinforced  concrete  columns; 

3.  Timber  stringers; 

4.  Cast-iron  columns; 

5.  A  series  of  tests  of  interest  to  manufacturers  and  railroads 
on  such  structures  as  car  bolsters,  car  frames,  wheels,  etc. ; 

6.  Qualities  of  commercial  mild  steels; 

7.  A  series  of  investigations  on  various  hydraulic  problems; 

8.  Deep  well  pumping. 

From  the  above  list  it  will  be  seen  that  there  exists  a  very 
large  field  for  fruitful  research.  In  many  cases  these  investiga- 
tions must  extend  over  a  series  of  years;  in  others  a  few  months 
will  suffice  for  the  work. 

V.     Facilities  For  Investigation 

The  recent  rapid  growth  in  attendance  in  the  College  of  En- 
gineering has  made  it  necessary  to  extend  its  equipment  con- 
siderably, and  while  the  apparatus  thus  provided  is  intended  pri- 
marily for  purposes  of  instruction,  much  of  it  is  available  at  cer- 
tain times  of  the  year  for  purposes  of  investigation.  Certain  ap- 
pliances have  recently  been  purchased  and  installed  for  the  es- 
pecial use  of  various  departments  in  connection  with  such  inves- 
tigations as  are  in  progress  in  these  departments. 

The  Engineering  Experiment  Station  is  not  quartered  in  any 
one  building  of  the  College  of  Engineering,  but  its  work  and  ex- 
periments go  on  wherever  the  needed  facilities  exist  in  the  vari- 
ous departments.  Neither  is  its  work  confined  to  the  College  of  En- 
gineering alone.  Cooperation  with  other  University  departments, 
such  as  the  College  of  Science,  State  Water  Survey  and  with  the 
State  Geological  Survey  enables  it  to  complete  many  investiga- 
tions, facilities  for  which  are  not  available  within  the  College  of 
Engineering.  Neither  is  its  work  confined  within  the  limits  of 
the  University.      Cooperation  with  various  departments  of  the 
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federal  government  as  well  as  with  many  industrial  interests  of 
the  state  is  already  assured. 

On  the  following  pages  are  mentioned  some  of  the  most  im- 
portant appliances  which  are  available  for  use  in  various  lines  of 
research.  Only  a  few  words  of  description  are  possible  with  ref- 
erence to  each.  In  connection  with  this  article  are  given  several 
reproductions  showing  the  laboratories  in  which  the  investiga- 
tions are  in  progress,  and  also  the  most  important  apparatus. 
In  the  Mechanical,  Laboratory 

1.  A  210  H.  P.  Heine  water-tube  boiler  especially  arranged 
for  testing  Illinois  coals.  This  boiler  is  a  duplicate  of  the  boilers 
being  used  at  St.  Louis  by  the  United  States  government  in  test- 
ing coals  from  various  parts  of  the  country.  A  Green  chain  grate 
stoker  is  installed  under  this  boiler,  and  draft  is  furnished  by  a 
Sturtevant  induced  draft  fan,  drawing  the  gases  through  an  econ- 
omizer. The  chain  grate  under  the  boiler  may  easily  be  removed 
and  a  plain  furnace  for  hand-firing  substituted.  A  complete 
equipment  of  auxiliary  apparatus  necessary  for  boiler  tests  is 
available,  including  recording  and  optical  pyrometers,  and  stand- 
ard and  recording  apparatus  for  continuous  gas  analysis.  Facil- 
ities are  now  available  in  the  department  of  Physics  for  calibrat- 
ing   all   thermometers    and    pyrometers    used    in   work   of   this 

character. 

2.  An  independently-fired  Poster  superheater  capable  of  su- 
perheating the  steam  from  a  150  H.  P.  boiler  300°  above  its  tem- 
perature at  120  pounds  gauge. 

3.  Several  residence  heating  boilers,  for  both  steam  and  hot 
water.  These  boilers  will  serve  to  compare  the  values  of  such 
various  coals  as  are  offered  in  the  Illinois  market  for  domestic 
purposes. 

4.  A  10-ton  York  refrigerating  plant  for  the  production  of 
cold  or  for  specific  tests.  With  this  plant  there  are  17  cans  for  ice 
making,  each  holding  100  pounds.  The  possibility  of  subjecting 
various  building  stones  or  other  material  to  alternate  freezing  and 
warming  is  worthy  of  consideration.  The  effect  of  fifty  winters 
might  thus  be  known  in  a  single  month. 

5.  A  liquid- air  plant  with  a  capacity  of  about  three  quarts 
an  hour.  It  consists  of  a  Norwalk  four-stage  -compressor,  com- 
pressing up  to  3000  pounds,  together  withaHampson  liquefier 
with  facilities  for  temperature  determinations. 
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6.  An  IngersoU- Sergeant  two- stage  air  compressor  driven 
by  compound  steam  cylinders.  The  steam  cylinders  are  12  inches 
and  22  inches  in  diameter  with  a  12-inch  stroke,  and  the  air  cyl- 
inders are  12i  inches  and  18i  inches  in  diameter  with  a  12-inch 
stroke.  A  vertical  receiver  42  inches  by  8  feet  high  is  provided 
for  use  with  the  compressor. 

7.  A  50  H.  P.  suction  gas  producer  built  by  the  Otto  Gas 
Engine  Works.  This  producer  is  adapted  to  burning  anthracite 
pea  coal,  coke  or  charcoal. 

8.  An  Otto  gas  engine  of  23  brake  H.  P.  capacity  for  use  in 
connection  with  the  gas  producer.  The  cjT'linder  is  10  inches  in 
diameter,  with  a  ]  9-inch  stroke.  It  is  provided  with  a  compressed 
air  starting  device,  sparking  generator,  speed  indicators  and 
all  other  instruments  necessary  for  testing  gas  engines. 

9.  A  15  H.  P.  De  Laval  steam  turbine  direct-connected  to  a 
compound  centrifugal  pump.  This  apparatus  will  deliver  140  gal- 
lons of  water  per  minute  when  pumping  against  a  head  of  500 
feet.  The  turbine  wheel  and  small  pump  runner  make  23,500  rev- 
olutions per  minute;  the  large  pump  runner  makes  2350.  The 
turbine  is  provided  with  condensing  and  non-condensing  nozzles. 

♦  10.  A  hot  blast  heating  system  installed  to  heat  the  Mech- 
anical Engineering  Laboratory.  This  consists  of  a  series  of 
coils  making  2800  feet  of  1-inch  pipe  and  a  72-inch  fan  draw  the 
air  through  the  coils  and  force  it  into  the  galvanized  iron  pipe, 
36  inches  in  diameter,  which  distributes  it  to  different  parts  of  the 
building.     The  fan  is  driven  by  a  small  vertical  steam    engine. 

11.  A  100  H.  P.  Allis-Chalmers  Corliss  engine,  equipped 
with  a  suitable  brake  and  other  apparatus  for  making  tests. 

12.  Several  high-speed  steam  engines  for  testing  and  for 
driving  other  apparatus. 

13.  Several  types  of  gasolene  engines,  ranging  from  1  to.  10 
H.  P. ,  for  experimental  purposes. 

14.  An  automobile  testing  platform  for  testing  automobiles. 

15.  A  10-ton  electric  crane,  having  three  alternating  cur- 
rent motors,  for  experimental  work. 

16.  A  Golden  oil  testing  machine  for  testing  lubricating  oils 
and  bearing  metals. 

17.  Apparatus  for  tests  relating  to  the  transmission  of  heat 
through  scale-covered  boiler  tubes  with  respect  to  the  loss  due  to 
scale.     The  equipment  now  in  the  Mechanical  Engineering  Lab- 
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oratory  for  determining  the  loss  due  to  the  scale  when  transmit- 
ting heat  through  scale-covered  tubes  consists  of  a  boiler  and  fur- 
nace giving  approximately  practical  conditions,  also  auxiliary  ap- 
paratus for  making  the  required  observations.  The  furnaces  em- 
ployed are  constructed  of  wrought  iron  suitably  covered,  or  of 
brick  with  fire-brick  lining,  and  are  equipped  with  gas  burners 
for  the  generation  of  the  required  heat.  From  the  furnace  the  hot 
gases  pass  through  the  tube  which  is  being  tested.  This  tube  con- 
stitutes the  single  flue  of  the  experimental  boiler.  The  boiler  is 
filled  with  water  continually  entering  and  leaving  at  temperatures 
maintained  constant.  The  auxiliary  apparatus  used  consists  of 
constant- pressure  tanks  for  air,  gas  and  water,  suitable  thermom- 
eters, pyrometers,  scales,  etc.,  a  Le  Chatelier  pyrometer  being 
used  to  measure  the  temperature  of  the  hot  gases  entering  the  tube. 
Eailway  Test  Car  ISTo.  17 
18.  This  railway  test  car  is  a  special  car  operated  for  experi- 
mental and  instructional  purposes.  It  is  owned  jointly  by  the  Ill- 
inois Central  Railroad  and  the  University  of  Illinois.  It  was  built 
by  the  railroad  company,  equipped  by  the  University  and  is  op- 
erated for  the  advantage  and  information  of  both.  It  is  considered 
by  the  University  as  a  part  of  its  laboratory  equipment,  and  affords 
facilities  for  practical  railroad  tests  which  could  not  otherwise  be 

made. 

The  car  is  used  principally  in  connection  with  dynamometer 

car  work,  and  on  this  account  was  built  especially  heavy  in  order 
to  withstand  the  usage  incident  to  this  kind  of  work.  It  is  45i  feet 
in  length.  A  space  of  about  15  feet  in  the  rear  of  the  car  is  oc- 
cupied by  berths  and  lockers,  the  remaining  space  being  devoted 
to  apparatus  and  instruments. 

The  dynamometer  is  of  the  hydraulic  or  oil  transmission 
type.  It  consists  of  three  cylinders  in  tandem,  and  is  situated 
near  the  forward  end  of  the  car  just  back  of  the  draft  rigging. 
The  dynamometer  is  suitably  connected  with  a  recording  instru- 
ment which  gives  the  draw-bar  pull  record  upon  paper  traveling 
at  a  rate  of  speed  proportional  to  the  speed  of  the  train.  Upon 
the  same  paper  records  are  made  of  time,  speed,  distance  and 
such  other  data  as  may  seem  desirable.  In  addition  to  the  dyna- 
mometer with  its  attached  recording  instrument,  paper  travel 
mechanism,  gauges  and  similiar  apparatus,  the  car  is  equipped 
with  a  Boyer  speed  recorder,  a  Hausshalter  speed  recorder,  rec- 
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ording  gauges  for  steam  pressures,  train  line  pressures  and  draft, 
also  with  air  and  steam  pressure  gauges  for  various  purposes. 

In  its  capacity  as  a  dynamometer  car,  Railway  Test  Car  No. 
17  affords  facilities  for  work  along  the  following  lines: 

Tonnage  rating  tests; 

Engine  efficiency  tests; 

Tests  in  relation  to  engine  design  and  tractive  force; 

Tests  to  determine  resistance  of  freight,  passenger,  loaded 
or  empty  cars; 

Tests  to  determine  resistance  of  trains  as  aifected  by  speed, 
curves,  temperatures,  condition  of  track  or  special  equipment. 

Aside  from  its  use  as  a  dynamometer  car,  when  no  draw-bar  pull 
record  is  desired,  the  car  is  used  in  connection  with  locomotive 
road  tests  or  other  road  tests,  records  being  made  in  the  car  auto- 
matically or  otherwise  that  without  the  car  would  not  be  attempted 
or  could  be  made  only  with  difficulty.  Further  the  car  serves  a 
most  useful  purpose  as  office,  laboratory  and  computing  room 
when  making  railroad  or  other  shop  tests  in  connection  with  rail- 
way work. 

.  This  car  has  already  been  in  extensive  use  on  the  Illinois  Cen- 
tral Railroad  for  the  purpose  of  making  locomotive  road  tests, 
and  for  establishing  tonnage  ratings  on  the  various  divisions.  The 
preliminary  experimental  work  relating  to  train  resistance  in 
connection  with  the  electrification  of  the  New  York  Central  lines 
out  of  the  Grand  Central  Depot,  New  York  City,  was  all  done 
with  this  car.  A  series  of  tests  has  also  been  made  with  this  car 
comparing  the  relative  draw-bar  pull  and  acceleration  factor  of 
steam  and  electric  locomotives  on  the  experimental  tracks  of  the 
General  Electric  Company  at  Schenectady,  New  York.  Both  of 
these  tests  have  been  reported  to  the  American  Society  of  Elec- 
trical Engineers  in  a  paper  by  B.  J.  Arnold  at  the  annual  meeting 
1904. 

Ix  THE  Road-Materials  Laboratory 

The  Civil  Engineering  department  in  its  Road- Materials  Lab- 
oratory is  equipped  with  apparatus  for  testing  materials  for  road 
and  pavement  construction  as  follows : 

(a)  Two  types  of  rattlers  for  testing  brick:  National  Brick 
Manufacturers'  Association  and  Talbot-Jones; 

(b)  A  Dorrey,  a  Deval  and  a  Page  machine  with  the  neces- 
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sary  accessories  for  testing  the  road-building  qualities  of  gravel 
and  macadam.  The  laboratory  is  cooperating  with  the  State 
Highway  Commission  and  with  the  State  Geological  Survey  in  a 
systematic  study  of  the  road-building  materials  of  Illinois. 

In  the  Cement  Laboratory 

This  laboratory  is  equipped  with  briquette  molds,  molding 
machines,  testing  machines,  etc.,  necessary  in  testing  hydraulic 
cement,  and  in  making  investigations  as  to  the  effect  of  different 
materials  and  methods  of  manipulation  upon  the  strength  of  mor- 
tars and  concrete. 

In  the  Laboratory  of  Applied  Mechanics 

1.  A  Riehle  vertical  screw  power  testing  machine  of  600,000 
lb.  capacity  fitted  to  take  large  and  bulky  test  specimens.  This 
machine  will  take  compression  pieces  25  feet  long  and  tension 
pieces  of  the  same  net  length  except  as  allowance  must  be  made 
for  stretch.  The  clear  distance  between  screws  is  36  inches, 
which  gives  room  for  bulky  and  built-up  pieces.  The  machine  is 
provided  with  a  stiffened  vertical  frame  to  allow  eccentric  and 
oblique  forces  to  be  applied  to  test  pieces,  an  unusual  feature  in 
testing  ma.chines.  Short  beams  may  be  tested  on  the  machine, 
and  provision  may  easily  be  made  for  testing  longer  beams. 
Auxiliary  appliances  are  used  for  holding  the  various  forms  of 
test  piece  in  order  to  secure  an  application  or  distribution  of  the 
load  in  the  manner  desired.  Especial  attention  was  given  in  the 
design  and  construction  of  the  machine  to  making  it  applicable 
to  a  large  range  of  tests.  The  calibration  of  the  machine  shows 
that  it  is  very  accurate  and  very  sensitive.  For  the  smaller  loads 
a  second  poise  weighing  up  to  60,000  lb.  is  used. 

2.  An  Olsen  four-screw  testing  machine  of  200,000  lb.  for 
tests  in  tension,  compression  and  flexure.  This  machine  will  take 
beams  up  to  a  length  of  20  feet. 

3.  Three  100,000-lb.  testing  machines  of  different  makes, 
fitted  up  in  the  usual  way. 

4.  An  Olsen  torsion  machine  of  220,000  inch- pound  capacity. 

5.  An  Olsen  vibratory  testing  machine  for  testing  stay 
bolts. 

6.  A  variety  of  smaller  machines  for  testing  cast  iron,  tim- 
ber, etc. 
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7.  A  large  equipment  in  measu  ring  devices  such  as  extensome- 
ters  for  various  uses,  autographic  recording  devices,  gauges,  etc. 

8.  A  commodious  hydraulic  laboratory,  well  equipped  with 
steam  engine,  steam  pumps,  centrifugal  pumps,  standpipe  and 
pressure  tanks,  lines  of  piping,  measuring  pits,  tanks,  weirs, 
gauges,  meters,  motors,  etc. ,  giving  excellent  facilities  for  testing 
hydraulic  apparatus  and  for  making  investigations  in  hydraulics. 

In  the  Physics  Laboratory 
The    Physics  department   is  equipped  with   apparatus  en- 
abling it  to  do  the  following  work  in  testing  and  standardization: 

1.  The  testing  of  boiler  tubes  for  collapse; 

2.  The  checking  and  calibration  of  instruments  for  measur- 
ing temperatures; 

3.  The  checking  and  calibration  of  electrical  standards  and 
instruments; 

4.  Miscellaneous  physical  testing. 

The  Testing  of  Boiler  Tubes. — The  apparatus  available  for  this 
work  consists  of  a  nickel- steel  tube,  part  of  a  United  States  naval 
gun,  capable  of  withstanding  about  20,000  pounds  per  square  inch 
internal  pressure.  This  apparatus  permits  of  the  testing  of  flues 
and  tubes  up  to  3i  inches  diameter  and  10  feet  in  length  for  re- 
sistance to  collapse  under  external  pressure.  It  is  in  use  at  the 
present  time  for  the  determination  of  a  formula  for  predicting 
the  failure  of  steel  tubes  under  pressure.  Pressures  up  to  14,000 
pounds  per  square  inch  may  be  produced  by  means  of  a  Cailletet 
pump,  made  by  the  Societe  Genevoise,  Switzerland.  Upon  the 
completion  of  the  work  now  in  progress,  the  apparatus  will  be 
maintained  intact  for  testing  at  any  time  the  constants  of  flues 
and  tubes. 

The  ChecJcing  and  Calibration  of  Instruments  for  Measuring  Tem- 
peratures.— The  department  has  facilities  for  testing  and  check- 
ing thermometers  and  pyrometers.*  Standard  thermometers  of  the 
best  make,  graduated  to  0.1°  C.  and  certified  by  the  Reichsan- 
stalt,  permit  of  tests  between  -25°  C.  and  250°  C.     Special  con- 

*Pyrometers, — Electrical :  resistance  type,  Callendar recorder  with  Wliii^plein- 
dicator,  Cambridge  Scientific  Co.,  Ltd.,  Cambridge,  England;  thermo-elec- 
tric type,  Siemens  &  Halske,  Berlin,  Germany;  Hartmann  &  Braun,  Erank- 
fort-on-the-Main,  Germany;  Bristol,  W.  H.  Bristol,  41  Dey  St.,  ISTew  York 
City.  Optical:  Wanner,  American  agents,  Eimer  &  Amend,  205  Third 
Ave.,  ]N"ew  York  City;  Fery  and  Chatelier,  Ph.  Pellin,  Paris,  France. 
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stant  temperature  baths  are  being  made  for  the  convenience  and 
rapid  comparison  of  thermometers. 

The  equipment  for  pyrometry  is  the  best  obtainable.  The 
department  owns  a  Callendar  recorder  of  the  laboratory  type 
and  a  Whipple  indicator  with  a  series  of  platinum  resistance 
thermometers  ranging  from  0°  C.  to  1200°  C.  In  addition  to  these 
electric  resistance  pj^rometers,  a  series  of  thermo-electric  pyro- 
meters is  available  for  checking  and  testing  other  pyrometers. 
The  thermo-electric  couples  with  Reichsanstalt  certificates  are 
calibrated  for  temperatures  from  -180o  C.  to  1600°  C. 

The  laws  of  the  relation  of  temperature,  light  and  radiation, 
have  within  a  few  years  been  studied,  so  that  it  is  now  possible 
to  measure  temperatures  by  optical  methods.  The  equipment 
in  optical  pyrometry  consists  of  the  Le  Chaletier,  the  Wanner 
and  Fery  radiation  pyrometers. 

For  the  production  of  extreme  temperatures,  both  low  and 
high,  the  department  is  provided  with  a  liquid-air  machine,  and 
with  electric  furnaces  of  the  arc  and  of  the  resistance  types.  A 
specially  protected  constant  temperature  room  has  been  provided 
for  work  of  all  kinds  requiring  constancy  of  temperature. 

Electrical  Standards  and  Apparatus. — The  department  owns 
certified  standards  of  resistance,  electromotive  force  and  induct- 
ances, and  its  cabinets  contain  apparatus  of  the  best  make  for  all 
electrical  and  magnetic  testing.  The  Kelvin  ampere  balances, 
Weston  standard  and  semi-portable  voltmeters  and  ammeters, 
and  Siemen's  electrodynamometers  of  the  department  are  fre- 
quently checked  by  the  potentiometer  with  standardized  resist- 
ances and  Clark  and  Weston  cells.  The  laboratory  is  supplied 
not  only  with  apparatus  but  also  with  piers  and  conveniences  for 
these  tests. 

Miscellaneous  Testing. — Besides  the  equipment  for  the  work  in 
the  three  lines  indicated  above,  the  department  of  Physics  is 
supplied  for  its  instructional  and  research  work  with  standard 
apparatus  of  a  variety  of  kinds,  all  of  which  is  available  for  test- 
ing purposes.  Such  facilities  are  standard  barometers,  standards 
of  length,  photometric  standards  with  photometers,  standards  of 
weight  with  sensitive  physical  balances,  a  dividing  engine  and 
comparator,  vacuum  and  compression  pumps  with  gauges,  and 
various  optical  apparatus. 
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In  the  Electeical,  Laboratory 

The  Electrical  Laboratory  occupies  a  separate  building  and 
contains  an  excellent  equipment  available  for  many  lines  of  re- 
search. It  will  not  be  possible  to  give  any  detailed  description  of 
this  equipment  but  some  of  the  more  prominent  facilities  are 
mentioned  below. 

1.  In  the  basement  is  a  storage  battery  (Gould)  of  60  cells 
each  of  240  ampere  hours'  capacity.  This  is  wired  so  that  all 
voltages  between  2  and  120  can  be  obtained;  also  current  up  to  100 
amperes  at  full  voltage,  with  greatly  increased  current  at  lower 
voltages.  This  battery  is  especially  adapted  to  the  calibration  of 
electrical  measuring  instruments,  the  testing  of  fuse  wire,  and  to 
all  work  where  steady  current  is  required. 

2.  The  dynamo  laboratory  contains  very  complete  arrange- 
ments for  testing  any  of  the  usual  types  of  machines.  Power  is 
supplied  mostly  at  220  volts  D.  C.  and  at  440  volts,  two- phase  A. 
C,  but  the  transformers  permit  other  usual  voltages  to  be  sup- 
plied. Several  types  of  variable  speed  motors,  having  a  speed 
range  from  300  to  1200  revolutions  and  giving  15  H.  P.  at  any 
speed,  are  a  recent  addition  to  the  equipment.  Tw^o  general  elec- 
tric stationary  armature  alternators,  capable  of  connection  as  eith- 
er two  or  three-phase  generators  or  motors  and  at  a  variety  of  volt- 
ages, are  available.  Three  rotary  converters  furnish  current  based 
on  110  and  500  volts  D.  C.  An  inductor  alternator,  built  by  stu- 
dents and  designed  primarily  for  variable  frequency  experi- 
ments, may  be  run  at  various  frequencies  up  to  150. 

There  are  also  switchboards  for  the  rapid  handling  of  appa- 
ratus; numerous  lamp  banks  for  resistance;  a  small  electric  weld- 
ing machine;  various  types  of  arc  lamps,  permitting  experiments 
in  lighting;  inductances,  condensers,  and  a  large  range  of  measur- 
ing instruments  of  all  kinds. 

3.  A  laboratory  for  the  study  of  illumination  is  equipped  in 
connection  with  the  photometer  rooms.  Shades  like  wall  maps 
line  the  walls,  whereby  a  light  or  dark  effect  can  be  obtained.  This 
room  is  lighted  by  both  ceiling  and  bracket  fixtures.  Two  photo- 
meters are  available  for  testing  globes  and  shades  as  well  as  lamps 
of  various  types.  The  efficiencies  of  different  types  of  shades  have 
been  studied,  also  the  flickering  effect  of  alternating  lighting. 
Some  interesting  developments  have  been  made  in  curved  co- 
herers for  space  telegraphy. 
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4.  A  telephone  laboratory  of  two  rooms  permits  experiments 
in  telegraphy  and  telephony.  Experiments  now  in  progress  seem 
to  show  the  availability  of  high-tension  wires  for  the  transmission 
of  telephone  messages,  obviating  the  need  for  separate  telephone 
wires  on  power  lines.  Some  improvements  in  long-distance  tele- 
phony are  being  tested. 

5.  An  electric  test  car  is  also  a  part  of  the  equipment. 
This  is  an  interurban  type  of  car,  built  by  the  Jewett  Car  Com- 
pany, and  equipped  with  the  latest  type  of  multiple-unit  control 
500  volt  D.  C.  motors,  by  the  Westinghouse  Electric  and  Manu- 
facturing Company.  One  end  of  the  car  contains  the  switch  group 
operated  by  compressed  air,  and  also  the  measuring  instruments 
for  determining  voltage,  current  speed  and  acceleration.  The  car 
has  four  50  H.  P.  motors,  double  trolley  and  controllers  at  each 
end  of  the  car,  and  the  usual  equipment  of  head  lights,  air  brakes, 
heaters,  etc. 

With  this  car  determinations  of  the  power  required  for  the 
hauling  of  coal  on  electric  roads  are  in  progress,  and  a  compar- 
ison will  be  made  with  the  results  of  dynamometer  car  tests  on 
steam  roads.  Traction  experiments  on  a  large  scale  are  possible 
through  the  courtesy  of  the  Illinois  Traction  System,  whose  line 
passes  through  the  University  grounds.  The  recent  equipment  of 
the  electric  test  car  of  200  H.  P.  with  recording  electric  instru- 
ments will  allow  the  determining  with  considerable  accuracy 
of  the  power  required  to  operate  at  diif  erent  speeds  and  over  diif  er- 
ent  grades  and  curves.  A  subject  "of  investigation  will  be  the  nor- 
mal highest  speed  that  corresponds  to  a  given  radius  of  curva- 
ture, from  which  it  will  be  possible  to  determine  how  much  a 
sharp  curve  will  retard  a  car. 

VI.     The  Industrial  Interests  of  Illinois 

The  state  of  Illinois  is  singularly  favored  in  all  the  conditions 
requisite  for  a  rapid  and  permanent  industrial  development.  It 
has  a  vast  area  underlaid  with  productive  coal  seams,  which  afford 
an  abundant  supply  of  bituminous  coal  of  good  quality.  With 
the  Great  Lakes  on  the  northeast,  the  Mississippi  river  on  the 
west,  and  with  a  network  of  railroads  having  an  aggregate  length 
of  nearly  12,000  miles,  facilities  for  transportation  are  unexcelled. 
Illinois  is  also  fortunate  in  its  large  area  of  arable  land  of  extreme 
fertility.     In  view  of  its  cheap  and  abundant  fuel  and  its  udcx- 
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celled  facilities  for  the  transportation  of  raw  material  and  finished 
products,  it  is  not  surprising  that  Illinois  has  pushed  forward 
rapidly  in  manufacturing  and  allied  industries.  Since  1850  the 
growth  of  manufacturing  in  Illinois,  measured  by  the  value  of  the 
manufactured  product,  has  been  at  an  average  rate  of  one  hun- 
dred per  cent  a  decade,  and  the  rank  of  the  state  has  advanced 
from  fifteenth  to  third.  This  rate  of  advance  is  typical  of  the 
development  in  other  industrial  lines. 

The  industrial  interests  of  Illinois  may  be  grouped  in  four 
chief  classes: 

1.  Agriculture 

2.  Coal  and  Mining 

3.  Transportation 

4.  Manufacturing 

Of  the  five  million  inhabitants  of  Illinois,  more  than  one- third 
are  engaged  in  remunerative  occupations.  A  rough  idea  of  the  dis- 
tribution of  workers  among  the  industrial  pursuits  outlined  above 
may  be  gathered  from  the  following  statement.  According  to 
the  census  of  1900,  the  working  population  of  Illinois  may  be  di- 
vided into  four  nearly  equal  parts,  one  of  which  is  engaged  in 
agricultural  pursuits;  one,  in  manufacturing;  one,  in  trade  and 
transportation;  the  last,  in  domestic  and  professional  service.  In 
the  following  pages  the  various  industrial  interests  will  be  con- 
sidered somewhat  in  detail. 

Agriculture. — In  the  value  of  agricultural  products,  Illinois 
ranks  second,  having  been  exceeded  in  1900  by  Iowa.  The 
value  of  agricultural  products  for  1900  was  $345,650,000.  This  is 
slightly  less  than  28  per  cent  of  the  value  of  manufactured  pro- 
ducts for  the  same  year.  From  the  nature  of  things,  the  value 
of  agricultural  products  after  reaching  a  certain  stage  can  in- 
crease but  little,  while  there  is  practically  no  limit  to  the  value 
of  manufacturied  products.  Hence  while  Illinois  will  always  hold 
high  rank  in  agriculture,  its  preeminence  in  the  future  will  be 
due  to  its  manufacturing  and  transportation  industries. 

Coal.- — The  coal  deposits  of  Illinois  are  included  in  the  east- 
ern interior  coal  field  of  the  United  States,  which  covers  western 
Indiana,  nearly  the  whole  of  the  state  of  Illinois,  and  western 
Kentucky.  Illinois  has  the  largest  coal-bearing  area  of  any  state 
in  the  Union,  about  two-thirds  of  the  state,  or  upwards  of  37,000 
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square  miles,  prodacing  coal.  A  medium  grade  of  bituminous 
coal  is  mined,  suitable  for  the  production  of  power,  being  used 
mostly  as  a  steaming  fuel  by  railroads  and  manufactories. 

Outside  of  Pennsylvania,  which  is  preeminently  the  first  state 
in  coal  mining,  Illinois  leads  in  the  production  of  coal,  yielding 
about  one- eighth  of  the  entire  quantity  mined  in  the  United  States. 
The  following  table  shows  the  production  of  coal  in  the  leading 
coal  states  during  1902  and  1903: 

Production  of  Bituminous  Coal  in  the  United  States 


Bank 

State 

1902 

1903 

Increase 
Per  Cent 

1 

Pennsylvania 

98,946,000 
30.031,000 
26,162,000 
23,929.000 

258,372.000 

103,000,000 
34.955,000 

26,882.000 
24.573.000 

277,077,000 

4 

2 

Illinois 

15 

3 

4 

West  Virginia 

Ohio 

2.7 
2  6 

United  States 

6  7 

The  following  statistics  for  the  year  ending  June  30,  1903, 
will  give  an  idea  of  the  magnitude  and  importance  of  the  coal 
industry  in  Illinois:  During  that  year  there  were  935  mines  in 
operation,  giving  employment  to  35,000  miners  and  15,000  em- 
ployees other  than  miners.  The  total  product  was  35  millions  of 
tons,  valued  at  more  than  36  millions  of  dollars  at  the  mines. 

Railroads. — In  the  aggregate  of  its  railway  mileage,  Illinois 
holds  first  rank  among  the  states  of  the  Union,  although  Texas 
is  a  close  second.  The  rapid  development  of  railroads  in  Illinois 
is  doubtless  due  to  some  extent  to  the  early  establishment  of  Chi- 
cago as  a  distributing  center  of  eastern  products  to  the  west  and 
southwest.  Chicago  became  the  outlet  of  the  traffic  by  way  of 
the  Great  Lakes,  and  when  the  era  of  railroad  building  succeeded, 
naturally  became  a  great  gateway  between  eastern  and  western 
trunk  lines.  As  a  result,  Illinois  is  traversed  by  railroads  in  all 
directions.  The  accompanying  charts  show  the  growth  of  mileage 
in  Illinois  since  1850  and  the  mileage  in  several  states. 

Thousands  or  Miles 
0  2  4  6  8  10 


1900 
1890 
1880 
1870 
1860 
1850 


Mileage  Growth  oe  Illinois  Steam  Railroads 
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i-llinois 

Texas  

Pennsylvania 

Iowa 

Ohio 

Kansas  


Thousands  of  Miles 
4  6 


Steam  Railroad  Mileage  in  several  States~1904. 

The  magnitude  of  the  raHroad  industry  in  Illinois  is  evidenced 
by  the  car  construction  and  repair  bill.  Thus  in  the  statistics 
for  manufactures  for  ]900,  the  items  for  cars  and  general  shop 
construction,  and  repairs  by  steam  and  street  railroad  companies 
aggregate  nearly  $18,000,000. 

In  the  mileage  of  street  and  electric  railroads,  Illinois  is  as 
yet  somewhat  behind  some  of  the  eastern  states.  In  1903  the  mile- 
age of  street  and  electric  railroads  in  several  leading  states  was 
as  follows: 

Massachusetts 2037 

Pennsylvania 2001 

Ohio 1858 

'      New  York 1822 

Illinois 993 

It  is  significant,  however,  that  the  wave  of  development  in  elec- 
tric railroads  is  sweeping  westwards.  •  In  the  last  two  or  three 
years,  great  progress  has  been  made  in  Ohio,  Michigan  and  In- 
diana. Illinois  has  only  fairly  started  in  the  building  of  interur- 
ban  railroads,  and  the  next  ten  years  will  doubtless  witness  a  de- 
velopment along  this  line  that  will  place  it  well  towards  the  first 
rank. 

Manufacturing. — In  the  value  of  manufactured  product,  Illi- 
nois at  present  ranks  third  among  the  states  of  the  nation.  The 
accompanying  diagram  shows  the  relative  position  for  several 
decades  of  the  five  foremost  states  in  manufacturing.  The  rapid 
rate  of  increase  in  the  case  of  Illinois  is  worthy  of  attention. 

Statistics  for  1900  showed  a  total  value  of  manufactured  pro- 
duct of  $1,260,000,000,  an  increase  of  nearly  40  per  cent  over  the 
figures  for  3  890.  The  following  table  gives  data  selected 
from  these  statistics  relating  to  leading  industries  somewhat  al- 
lied in  character  to  engineering: 
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INDUSTRIES 


Agricultural  implements 

Cars,  shop  constructions  and  repairs 

steam  railroads 

Cars,  steam  railroads,  not  including 

operations  of  railroad  companies 
Electrical  apparatus  and  supplies. . . 
Foundry  and  machine  shop  products 

Iron  and  steel     

Vehicles  (bicycles,  carriages,  etc.)--- 


WAGE 
EABNEBS 


18,231 

13,803 

9,314 

6,048 

31,851 

16,642 

9,. 300 


WAGES 
IN  MILLIONS 


9.06 

8.29 

5.. 36 

2.82 

16.88 

9.64 

4.40 


VALUE   OE  PRODUCT 
IN  MILLIONS 


42.0 

16.6 

24.8 
12.2 
63.9 
60.3 
18.0 


In  1900  the  number  of  manufacturing  establishments  in  Illi- 
nois was  38,360,  and  the  total  number  of  people  engaged  in  manu- 
facturing was  nearly  400,000.  The  wages  paid  amounted  to  $192, 
000,000,  or  nearly  $500  per  person  employed.  The  value  of  the 
product,  as  has  been  stated,  was  $1,260,000,000.  The  total  manu- 
factured product  for  1905  was  probably  over  $2,000,000,000,  an  in- 
crease of  sixty  per  cent  in  five  years,  which  may  be  compared 
with  the  increase  of  forty  per  cent  in  the  preceding  ten  years. 
In  view  of  the  present  rate  of  increase  in  manufacturing,  it  seems 
not  unlikely  that  in  another  decade,  Illinois  will  be  a  sharp  rival 
of  New  York  and  Pennsylvania  for  first  rank. 

VII.     What  Work  Can  The  Engineering  Experiment 

Station  Do  That  Will  Aid  The  Industrial 

Interests  Of  Illinois? 

For  a  number  of  years  the  agricultural  industry  of  the  state 
of  Illinois  has  been  greatly  benefited  by  the  work  of  the  Agricul- 
tural Experiment  Station.  During  the  first  years  of  its  existence, 
this  experiment  station  was  supported  by  the  United  States  gov- 
erment  in  accordance  with  the  provisions  of  what  is  commonly 
known  as  the  Hatch  Act,    approved   by  Congress  March  2,  1887. 

Subsequently,  the  increasing  demands  upon  the  station  for 
investigations  of  various  kinds  rendered  additional  funds  neces- 
sary, and  the  state  was  called  upon  for  assistance.  At  present, 
the  Agricultural  Experiment  Station  receives  regular  support 
from  the  state  at  the  rate  of  about  $85,000  per  annum.  The  ben- 
nefits  to  agriculture  resulting  from  the  investigations  of  the  station 
are  too  well  known  to  need  comment.  The  expenditures  of  the 
state  in  support  of  the  station  have  been  repaid  many  times.  Mil- 
lions of  dollars  have  been  added  to  the  wealth  of  Illinois  through  the 
investigations  on  corn  breeding,  the  soil  surveys  and  fertility  ex- 
periments, and  the  work  of  eradicating  insect  pests. 
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It  is  the  hope  of  the  station  staff  that  the  Engineering  Ex- 
periment Station  may  stand  in  the  same  helpful  relation  to  the 
great  mining,  transportation  and  manufacturing  interests  of  Illi- 
nois. What  has  been  done  for  agriculture  may  well  be  done  for 
manufacturing.  The  state's  investments  in  the  Agricultural  Ex- 
periment Station  have  been  rewarded  with  large  dividends  in  the 
way  of  increased  soil  fertility  and  increased  and  improved  agri- 
cultural product.  Surely  as  large  dividends  await  similar  invest- 
ments in  the  Engineering  Experiment  Station.  Important  prob- 
lems in  agriculture  have  been  and  are  being  successfully  solved 
by  the  Agricultural  Experiment  Station.  Important  and  difficult 
problems  of  engineering  confront  the  manufacturer  and  power 
user,  and  press  for  solution.  It  is  the  aim  of  the  Engineering 
Experiment  Station  to  assist  in  the  solution  of  these  problems, 
and  thus  to  aid  and  uplift  the  engineering  industries  of  Illinois. 
It  may.be  well  to  call  attention  here  to  the  rapidly  increasing  pop- 
ularity and  value  of  the  work  of  the  Royal  Testing  Laboratory, 
located  at  Charlottenburg,  Germany,  vvhich  has  been  doing  for 
the  German  Empire  work  similar  in  some  details  to  that  which  it  is 
now  proposed  shall  be  done  by  the  Engineeriilg  Experiment  Sta- 
tion. 

In  the  following  paragraphs  are  discussed  somewhat  in  detail 
the  lines  of  work  that  may  be  taken  up  for  the  benefit  of  certain 
industrial  interests. 

Fuel. — The  fuel  supply  of  Illinois  is  of  prime  importance  in 
its  industrial  development,  and  no  effort  should  be  spared  in  the 
introduction  and  promulgation  of  improved  methods  and  processes 
in  the  production  and  consumption  of  coal.  Prom  broad  eco- 
nomical considerations,  wasteful  methods  of  using  coal,  or  the 
rejection  of  any  combustible  part  as  waste,  are  to  be  discounten- 
anced. Exhaustive  and  careful  experiments  will  be  required 
before  the  best  conditions  can  be  attained.  These  experiments 
must  include  analyses  of  coals  from  all  parts  of  the  state,  a  deter- 
mination of  the  best  kinds  of  coal  for  specific  purposes,  best  meth- 
ods of  burning  Illinois  coals,  effects  of  various  methods  of  prep- 
aration, experiments  on  various  kinds  of  furnace  construction,  etc. 

Generation  and  Use  of  Power. — Along  the  line  of  power  pro- 
duction there  is  opportunity  for  much  investigation.  New  prob- 
lems are  confronting  both  the  builders  and  users  of  steam  and 
gas  motors.  There  is  at  present  a  noteworthy  drift  from  the  recip- 
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rocating  engine  to  the  steam  turbine.  Gas  engines  of  large  power 
have  recently  been  installed,  and  the  development  of  this  type  of ' 
motor  bids  fair  to  be  more  rapid  in  the  near  future.  Still  newer 
types  of  motors  are  being  proposed  from  time  to  time,  the  gas  tur- 
bine being  one  that  at  present  occupies  much  attention  as  an 
attractive  possibility. 

It  is  evident  that  the  Experiment  Station  may  be  of  con- 
siderable service  in  this  line  of  work.  For  the  user  of  power,  it 
can  investigate  questions  relative  to  the  economy  of  various  types 
of  power  installations  with  given  conditions  of  service.  For  the 
builder  of  motors  it  can  investigate  the  new  and  perplexing  prob- 
lems that  have  arisen.  The  properties  of  the  various  fluids  used 
in  heat  motors  need  careful  study.  Superheated  steam  is  essential 
to  the  proper  working  of  a  steam  turbine,  yet  little  is  known  of  its 
properties.  The  properties  of  ammonia  and  other  fluids  used  in 
refrigeration  are  not  known  accurately,  and  even  the  properties 
of  saturated  steam  are  based  on  Regnault's  experiments  made 
nearly  seventy  years  ago.  A  careful  investigation  of  the  proper- 
ties of  heat  media  of  all  kinds,  extending  if  necessary  over  a  ser- 
ies of  years,  would  furnish  data  of  the  greatest  value  to  engineers, 
and  would  in  addition  be  a  noteworthy  contribution  to  science. 

Railroads. — Considerable  work  for  the  railroad  interests  has 
already  been  done  by  the  railway  mechanical  engineering  de- 
partment of  the  University.  The  dynamometer  car  owned  jointly 
by  this  department  and  the  Illinois  Central  Railroad  has  been  used 
in  numerous  road  tests,  and  these  tests  have  been  used  as  a  basis 
for  the  computation  of  tonnage  ratings.  This  work  will  be  prose- 
cuted vigorously  under  the  direction  of  the  new  department  of 
railway  engineering  and  administration  recently  organized. 

Other  problems  relating  to  design,  maintenance  of  way,  etc., 
will  be  attacked  as  they  arise.  The  question  of  electric  traction 
is  becoming  one  of  great  importance  in  Illinois.  The  electrical  en- 
gineering .department  has  recently  added  to  its  equipment  a  new 
dynamometer  car,  with  which  tests  may  be  made  on  electric 
lines,  and  it  is  expected  that  these  tests  will  furnish  valuable  data. 

Manufacturing  and  Building. — It  is  expected  that  the  Experi- 
ment Station  will  prove  helpful  to  the  manufacturing  and  build- 
ing interests  of  Illinois  in  several  ways.  In  the  first  place,  it 
will  supply  accurate  data  regarding  the  properties  of  the  ma- 
terials used  in  engineering  structures  and  buildings.    The  new  lab- 
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oratory  of  applied  mechanics  with  its  extensive  equipment  fur- 
nishes ample  facilities  for  this  line  of  work.  The  new  600,000- 
pouncl  vertical  testing  machine  permits  the  testing  of  full-sized 
specimens  24  feet  in  length.  The  reinforced  concrete  tests  now 
in  progress  show  the  possibilities  in  this  line  of  work.  In  the  near 
future,  an  extensive  series  of  tests  on  cast-iron  columns,  and  others 
on  steel  plates  are  contemplated.  A  considerable  portion  of  the 
available  funds  of  the  station  will  be  expended  in  this  work  of 
testing  materials.  Secondly,  the  Experiment  Station  will  investi- 
gate manufacturing  processes.  As  an  example  of  this  line  of 
work,  the  high-speed  steel  tests  are  cited.  Thirdly,  problems  re- 
lating to  design  and  construction  will  be  studied,  and  all  useful 
results  will  be  published  for  the  benefit  of  those  engaged  in  design 
or  construction. 

As  a  rule  the  Experiment  Station  will  undertake  only  such  in- 
vestigations as  will  lead  to  results  of  fundamental  importance,  re- 
sults that  will  be  helpful  to  a  large  class  of  engineers  or  manufact- 
urers. It  will  not,  in  general,  undertake  work  of  importance  to 
individuals  only,  e.  g. ,  the  testing  of  a  device  or  invention  for  the 
sole  benefit  of  the  inventor. 

Those  in  charge  of  the  Engineering  Experiment  Station  feel 
that  if  the  work  of  the  station  be  carried  out  along  the  lines  here 
suggested,  and  if  proper  support  be  afforded  by  the  state  in  order 
that  the  work  can  be  so  carried  out,  the  engineering  industries  of 
Illinois  will  receive  benefits  which  will  amply  repay  all  expendi- 
tures. 

VIII.     Cooperation 

It  is  very  essential  that  great  care  should  be  exercised  in  the 
selection  of  subjects  to  be  investigated.  It  is  equally  important 
that  the  results  of  the  investigations  should  be  published  in  such 
shape  as  will  best  serve  the  purposes  of  engineers  and  manufact- 
urers. In  order  that  these  ends  may  be  attained  it  has  been 
thought  desirable  that  there  shall  be  organized  seA^eral  committees 
of  conference  on  matters  of  widespread  interest.  One  such  com- 
mittee has  already  been  appointed"  the  Conference  Committee  on 
Fuel  Tests,  composed  of  representatives  appointed  by  the  follow- 
ing Illinois  organizations:  State  Geological  Survey,  Western 
Society  of  Engineers,  Building  Managers' Association  of  Chicago, 
Western  Railway  Club,  Illinois  Manufacturers'Association,  Illinois 
Coal  Operators'  Association,    State  Electric    Light   Association, 


24  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

Board  of  Trustees  University  of  Illinois,  and  the  State  Engineering 
Experiment  Station.  It  is  planned  to  form  similar  committees 
relating  to  other  lines  of  work  whenever  the  importance  of  the  in- 
vestigations warrants  it.  It  is  hoped  that  suggestions  may  be 
proposed  to  the  station  from  engineers,  or  from  mining,  railway, 
or  manufacturing  interests,  to  the  end  that  the  work  of  the  sta- 
tion may  grow  to  be  of  real  value  to  the  commercial  interests  of 
the  state.  Engineering  societies  will  find  at  the  University  excellent 
facilities  for  meeting,  and  it  is  suggested  that  such  societies 
plan  to  hold  their  meetings  here  as  often  as  possible. 

The  desirability  of  cooperating  with  similar  state  experiment 
stations  or  with  some  of  the  national  departments  having  charge 
of  tests  of  fuel,  timbers,  structural  materials,  or  with  water  sur- 
veys, etc.,  is  also  evident,  and  such  cooperation  will  be  sought 
whenever  mutual  good  is  promised.  Such  a  method  will  often 
tend  to  concentrate  isolated  and  scattered  efforts,  and  will  also 
tend  to  standardize  methods  of  tests  and  forms  of  reports  and 
specifications. 
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HIS  BULLETIN    is  the  fourth  of  a  series    of   bulletins 
published  by  the  Engineering  Experiment  Station  of  the 
University  of  Illinois.    It  is  the  purpose  of  the  Station 
to  carry  on  investigations  along  various  lines  of  engin- 
eering,   and  to  study  problems  of  importance  to  professional 
engineers  and  to  the  manufacturing,  railway,  mining,  construct- 
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in  the  heads  of  the  several  departments  of  the  College  of  Engin- 
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the  results  of  the  experiments  of  engineers,  industrial  works, 
technical  institutions  and  governmental  testing  departments. 
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The  volume  and  number  at  the  top  of  the  title  page  of  the 
cover  refer  to  the  general  publications  of  the  University  of 
Illinois;  at  the  bottom  is  given  the  number  of  the  Engineering  Ex- 
periment Station  bulletins  or  circulars. 
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TESTS   OF   REINFORCED   CONCRETE  BEAMS 
SERIES  OF  1905. 

By  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary  Engineering,  in 
Charge  of  Theoretical  and  Applied  Mechanics. 

In  Bulletin  No.  1  of  the  University  of  Illinois  Engineering 
Experiment  Station,  Tests  of  Reinforced  Concrete  Beams,  the  re- 
sults of  the  investigations  made  in  the  Laboratory  of  Applied  Me- 
chanics of  the  University  of  Illinois  in  1904  were  recorded  and 
discussed.  Further  tests  were  made  in  1905.  It  is  the  purpose  of  this 
bulletin  to  describe   and  discuss  the  results  of  the  series  of  1905. 

As  was  stated  in  Bulletin  No.  1,  the  principles  governing  the 
strength  and  action  of  reinforced  concrete  construction  have  not 
been  fully  established,  and  the  opinions  and  theories  presented 
by  engineers  are  somewhat  conflicting.  However,  many  of  these 
points  are  being  cleared  up,  and  experimental  work  on  reinforced 
concrete  is  gradually  establishing  the  principles.  The  results  giv- 
en in  Bulletin  No.  1  have  a  bearing  upon  the  action  of  reinforced 
concrete  in  simple  flexure  and  upon  the  calculation  of  the  strength 
of  beams.  The  following  topics  and  conclusions,  among  others, 
are  there  considered:  the  general  action  of  the  beam  during  the 
progress  of  the  loading  and  the  division  of  the  phenomena  includ. 
ed  in  the  tests  into  four  stages  representing  different  conditions 
in  the  steel  and  concrete ;  the  determination  of  deformations  in 
the  steel  and  concrete  by  careful  instrumental  work ;  the  deter- 
mination of  the  position  of  the  neutral  axis  by  experimental  meth- 
ods and  the  checking  up  of  the  tension  developed  in  the  steel  by 
the  use  of  the  observed  deformations  and  the  position  of  the  neu- 
tral axis  thus  obtained ;  an  experimental  determination  of  the 
amount  of  steel  which  will  develop  the  full  compressive  strength 
of  the  concrete;  for  beams  not  having  a  sufiicient  amount  of  steel 
to  develop  the  full  compressive  strength  and  not  failing  by  sec- 
ondary or  web  stresses,  the  conclusion  that  the  maximum  strength 
of  the  beam  occurs  at  slightly  above  the  yield  point  of  the  steel 
instead  of  the  ultimate  strength  of  the  steel,  and   hence  that  the 
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yield  point  of  the  steel  used  has  an  important  bearing  on  the  de- 
sign of  the  beam  ;  the  conclusion  that  the  form  of  the  load-defor- 
mation curve  goes  to  show  that  during  the  second  stage  the  con- 
crete fails  in  tension  in  such  a  way  as  to  make  this  tension  neg- 
ligible in  the  calculation  of  the  bending  moment,  instead  of  that 
the  stretch  is  kept  up  in  such  a  way  as  to  continue  to  furnish 
strength  to  the  beam,  as  has  been  contended.  In  general  the  re- 
sults were  such  as  to  give  confidence  in  the  value  of  experimental 
methods  in  establishing  principles  for  use  in  the  design  of  rein- 
forced concrete  construction  if  only  the  tests  are  made  in  a  sys- 
tematic and  scientific  manner. 

The  Series  of  1905  was  undertaken  with  a  view  of  further  de- 
veloping the  fundamental  principles  governing  reinforced  concrete 
construction  as  well  as  of  uncovering  the  field  for  future  experimen- 
tation. It  was  considered  best  to  restrict  the  tests  of  the  year  to 
matters  bearing  on  the  principles  involved  in  beam  action  rather 
than  to  take  up  features  involving  details  of  construction.  Among 
the  topics  taken  up  for  consideration  were  the  following :  effect 
of  amount  of  reinforcement;  use  of  steel  with  high  elastic  limit 
but  having  a  very  smooth  surface;  failure  by  tension  in  steel, 
compression  in  concrete,  bond,  and  diagonal  tension;  abnormal 
concretes,  including  lean  mixtures,  poorly  mixed  concrete,  and 
•so-called  plane  of  set ;  effect  of  method  of  loading,  of  repetition 
of  load,  of  rest,  of  retention  of  load,  and  of  position  of  the  rein- 
forcing bars;  position  of  neutral  axis  ;  plain  concrete  in  com- 
pression ;  shearing  strength  of  concrete  ;  encased  steel  in  tension ; 
thermal  conductivity  of  concrete.  The  tests  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois. 
In  common  with  a  number  of  engineering  schools,  the  work  was 
done  in  cooperation  with  the  Joint  Committee  on  Concrete  and 
Reinforced  Concrete  which  was  composed  of  representatives  of 
several  of  the  leading  engineering  societies  of  the  country.  The 
writer  was  chairman  of  the  Committee  on  Tests  for  the  Joint  Com- 
mittee and  this  series  was  the  part  of  the  work  assigned  to  the 
University  of  Illinois.  The  Joint  Committee  furnished  the  ce- 
ment, sand,  stone,  and  steel.  The  work  of  testing  the  beams  was 
done  principally  as  thesis  work.  The  data  have  now  been  worked 
over  and  the  calculations  checked,  new  drawings  made,  and  re- 
sults more  fully  studied  and  discussed.  The  following  list  gives 
the  names  of  the  members  of  the  class  of  1905  in  civil  engineering 
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who  presented  theses  in  the  line  of  reinforced  concrete.  They  are 
entitled  to  credit  for  the  care,  skill,  and  interest  and  for  the 
thorough  and  competent  way  in  which  they  conducted  their  work. 

D.  A.  Abrams,  Distribution  of  stresses. 

Ralph  Agnew  and  C.  E.  Sims,  Plain  concrete  in  compression  and  encased 

steel  in  tension. 

F.  I.  Blair,  Effect  of  repetition  of  load. 

M.  B.  Case,  Effect  of  retention  of  load. 

V.  E.  Fleming,  Comparison  of  methods  of  loading. 

J.  C.  Gilmour,  Varying  percentages  of  reinforcement. 

S.  C.  Hadden,  Effect  of  removal  of  load. 

E.  T.  Eenner,  Effect  of  release  of  load. 

W.  H.  Roney,  Effect  of  position  of  reinforcing  bars. 

J.  E.  Shoemaker  and  C.  S.  O'Oonnell,  Shearing  strength  of  concrete. 
W.  H.  Warner,  Abnormal  concretes. 

The  investigation  of  plain  concrete  in  compression  and  en- 
cased steel  in  tension  and  of  shearing  strength  of  concrete,  as 
well  as  the  investigation  by  L.  A.  Waterbury  on  thermal 
conductivity  of  concrete,  is  reserved  for  separate  bulletins. 

It  will  be  noted  that  the  problems  are  made  as  simple  as  pos- 
sible with  a  view  of  getting  data  bearing  on  the  establishment  of 
principles,  and  for  this  reason  the  number  of  variables  was  made 
as  small  as  possible.  The  experience  gained  in  the  tests  of 
the  Series  of  1904  was  taken  advantage  of.  Supervision  of  this 
work  was  given  by  R.  V.  Engstrom,  Instructor  in  Theoretical  and 
Applied  Mechanics,  whose  aid  in  this  and  in  planning  the  tests 
and  in  interpreting  the  results  has  added  much  to  the  value  of 
the  work.  Acknowledgment  is  also  made  to  D.  A.  Abrams, 
Assistant  in  Laboratory  of  Applied  Mechanics,  for  aid  in  the 
preparation  of  this  bulletin. 

As  in  the  discussion  of  the  results  of  the  tests  reference  will 
be  made  to  the  formulas  and  methods  of  making  computations,  it 
seems  well  first  to  make  a  summary  of  the  principles  involved 
and  the  nomenclature  used  in  the  analytical  treatment  of  flexure, 
as  well  as  of  the  methods  of  failure  of  beams,  and  this  is  given 
under  the  head  of  Resistance  of  Beams  to  Flexure.  The  following 
division  of  the  subject  matter  of  the  bulletin  will  be  made  :  I. 
Resistance  of  Beams  to  Flexure.  II.  Materials,  Test  Pieces  and 
Testing.  III.  Experimental  Data  and  Discussion.  Diagrams 
showing  load-deformation  curves  and  deflections  of  representative 
beams  and  positions  of  the  neutral  axis  follow  the  text.  The 
outline  on   the  following  page  gives  the  order  of  presentation  : — 
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1.  Preliminary Page  5 

2.  Notation "  6 

3.  Relation  between  Stress  and  Deformation  for  Concrete  in  Compression  "  7 

4.  Distribution  of  Stresses  in  Beams , "  9 

5.  Relations  in  the  Stress  Diagram "  11 

6.  Neutral  Axis "  13 

7.  Resisting  Moment „ "  15 

8.  Compressive  Stress  at  Upper  Fiber "  17 

9.  Bond  or  Resistance  to  Slipping  of  Reinforcing  Bars "  18 

10.  Vertical  and  Horizontal  Shearing  Stresses "  20 

11.  Diagonal  Tension  in  Concrete "  21 

12.  Method  of  Failure "  22 

13.  Primary  and  Ultimate  Failure "  22 
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I.     Resistance  of  Beams  to  Flexure 

1.  Preliminary. — Flexure  of  reinforced  concrete  beams 
seems  more  complicated  than  is  the  case  with  steel  and  timber 
beams.  In  steel  and  timber  beams  it  is  usual  to  consider  only 
horizontal  tensile  and  compressive  stresses  with  perhaps  a  check 
on  horizontal  or  vertical  shearing  stresses.  Other  stresses  exist 
which  are  ordinarily  negligible.  In  reinforced  concrete  beams 
these  secondary  stresses  may  form  the  element  of  weakness. 
Unless  it  is  known  from  the  general  dimensions  and  make-up  of 
the  beam  that  the  secondary  stresses  do  not  control  the  strength 
of  the  beam,  it  will  be  necessary  to  calculate  the  stresses  devel- 
oped in  the  various  ways.  In  general  it  may  be  said  that  a 
reinforced  concrete  beam  may  fail  by  one  or  more  of  the  following 
methods :  1.  Tension  of  steel ;  2.  Compression  of  concrete ; 
3.  Shearing  of  concrete  ;  4.  Bond  or  slip  of  bars ;  5.  Diagonal 
tension  of  concrete ;  6.  Miscellaneous  methods,  like  the  splitting 
of  bars  away  from  the  concrete,  the  effect  of  the  bearings,  etc. 
What  one  of  these  methods  of  failure  will  govern  the  strength  of 
a  beam  is  dependent  upon  percentage  of  reinforcement,  kind  of 
steel,  quality  of  concrete,  relation  of  depth  of  beam  to  length  of 
span,  disposition  of  reinforcement,  and  other  conditions.  Gener- 
ally, for  a  given  beam,  we  may  narrow  down  the  number  of 
probable  methods  of  failure  without  much  calculation. 

Before  discussing  these  methods  of  failure  further,  it  will  be 
well  to  go  over  the  analytical  treatment  of  the  resistance  of 
beams  to  flexure.  This  treatment  will  be  made  as  brief  as  pos- 
sible, a  summary  only  of  part  of  the  work  being  given  and  no 
effort  being  made  to  cover  the  field  thoroughly.  The  analysis 
governing  the  tension  in  the  steel  and  the  compression  in  the 
concrete  follows  the  lines  of  the  article  of  the  writer  in  the  Jour- 
nal of  the  Western  Society  of  Engineers,  Vol.  9,  August,  1904, 
page  394.  The  usual  assumptions  that  the  loads  are  applied  at 
right  angles  to  the  length  of  the  beam,  that  the  supports  will 
permit  free  longitudinal  movement,  that  a  plane  section  before 
bending  remains  a  plane  section  after  bending,  and  that  the 
metal  and  surrounding  concrete  stretch  together,  are  made.  It  is 
further  assumed  that  the  tensile  strength  of  the  concrete  is  neg- 
ligible in  the  part  of  the  beam  where  the  bending  moment  is 
greatest,  at  least  in  the  calculation  of  the  resisting  moment  of  the 
team  at  the  time  of  maximum  load.     The  analysis  is  restricted 
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to  rectangular  beams  with  reinforcement  on  the  tension  side  only, 
and  refers  generally  to  simple  beams  free  from  end  restraints. 

2.     Notation. — The  following  notation  will  be  used  : 
5  ::=  breadth  of  rectangular  beam. 
d  —  distance   from    the   compression  face  to    the   center  of  the 

metal  reinforcement. 
A  =  area  of  cross  section  of  metal  reinforcement. 

p—  _=  ratio  of  area  of  metal  reinforcement  to  area  of 
concrete  above  center  of  reinforcement. 

0  =  circumference  or  periphery  of  one  reinforcing  bar. 

m  =  number  of  reinforcing  bars. 

E&  —  modulus  of  elasticity  of  steel. 

_£c  =  initial  modulus  of  elasticity  of  concrete  in  compression,  a 
term  which  will  be  defined. 

n  —  -^=  ratio  of  two  moduli. 

f  —  tensile  stress  per  unit  of  area  in  metal  reinforcement. 

G  =  compressive    stress   per  unit  of  area  in  most  remote  fiber  of 

concrete. 
c  —  compressive  stress  per  unit  of  area  which  causes  failure  by 

crushing. 
£s  =  deformation  per  unit  of  length  in  the  metal  reinforcement. 
ec  =  deformation  per  unit  of  length  in  most  remote  fiber  of  the 

concrete. 
s'g  =  deformation  per  unit  of  length  when  crushing  failure  occurs ; 

i.  e.,  ultimate  or  crushing  deformation. 

q  —  ^  =  ratio  of  deformation  existing  in   most  remote  fiber  to 
*^  ultimate  or  crushing  deformation. 

k  =  ratio  of  distance  between  compression  face  and  neutral  axis 
to  distance  d. 

s  =  distance  from  compression  face  to  center  of  gravity  of  com- 
pressive stresses. 

d'  —distance  from  the  center  of  the  reinforcement  to  center  of 
gravity  of  compressive  stresses. 

--V=  summation  of  horizontal  compressive  stresses. 

M=  resisting  moment  at  the  given  section. 

s  =  horizontal  tensile  stress  per  unit  of  area  in  the  concrete. 

t  =  diagonal  tensile  stress  per  unit  of  area  in  the  concrete. 
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u  =  bond  stress  per  unit  of   area  on  the  surface  of  the  reinforcing 

bars. 
-y  =  vertical  shearing   stress  and  horizontal    shearing  stress  per 

unit  of  area  in  the  concrete. 
3.  Relation  hetween  Stress  and  Deformation  for  Concrete  in 
Compression. — Concrete  does  not  possess  the  property  of  propor- 
tionality of  stress  and  deformation  for  wide  ranges  of  stress  as 
does  steel ;  in  other  words,  the  deformation  produced  by  a  load  is 
not  proportional  to  the  compressive  stress.  The  relation  between 
stress  and  deformation  is  not  entirely  uniform ;  there  are  even 
considerable  differences  in  deformations  for  the  same  mixtures. 
Various  curves  have  been  proposed  to  represent  the  stress-defor- 
mation relation  but  the  parabola  is  the  most  satisfactory  general 
representation.  Frequently  the  parabola  expresses  the  relation 
almost  exactly,  and  in  nearly  every  case  the  parabolic  relation 
will  fit  the  stress-deformation  diagram  very  closely  throughout 
the  part  which  is  ordinarily  developed  in  beams,  the  lack  of  agree- 
ment near  the  crushing  point  not  being  of  importance.  The 
analytical  work  with  the  parabola  is  not  complicated,  and  this 
curve  offers  easy  comparison  with  the  straight-line  relation  and 
easy  translation  to  this  relation.  Even  if  the  straight-line  rela- 
tion be  accepted  as  sufficient  for  use  with  ordinary  working 
stresses,  the  parabolic  or  other  variable  relation  must  be  used  in 
discussing  experimental  data  when  any  considerable  deformation 
is  developed  in  the  concrete.  The  parabola  will  be  adopted  as  the 
basis  of  the  analytical  work  used  in  this  bulletin. 

Fig.  1  shows  such  a  stress-deformation  curve.  For  purposes 
of  illustration,  the  crushing  strength  of  the  concrete  is  repre- 
sented as  2000  lb.  per  sq.  in.  and  the  ultimate  unit  deformation  as 
.002.  The  relation  between  proportionate  stress  or  ratio  of  stress  de- 
veloped to  ultimate  compressive  strength  of  the  concrete  —, 
and  proportionate  deformation  or  ratio  of  deformation  developed 
at  the  given  stress  to  ultimate  or  crushing  deformation     4^  =q  1  , 

L   £  c  ) 

which  forms  the  basis  of  this  analysis,  is  also  shown  by  the  figure. 
Modulus  of  elasticity  is  a  term  which  has  been  used  very 
loosely  in  connection  with  reinforced  concrete.  In  the  general 
theory  of  flexure  it  is  defined  to  be  the  ratio  of  the  unit  stress  to 
the  unit  deformation  within  the  elastic  limit  of  the  material.    As 
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applied  in  this  way  to  materials  having  the  property  of  propor- 
tionality of  stress  and  deformation  the  modulus  of  elasticity  is  a 
constant.  For  materials  with  a  variable  stress -deformation  rela- 
tion like  concrete  it  may  not  be  considered  proper  to  call  the 
variable  ratio  the  modulus  of  elasticitj'-  and  such  a  use  in  connec- 
tion with  formulas  for  flexure  of  concrete  may  lead  to  misunder- 
standings. However,  it  is  important  that  a  definite  expression 
for  this  ratio  be  found.  The  writer  obtains  this  relation  from  the 
initial  modulus  of  elasticity  and  uses  the  term  "  initial  modulus 
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Stress-Deformation  Curve  for  Concrete  in  Compression. 


of  elasticity  "  tc  express  the  relation  which  would  exist  between 
stress  and  deformation  if  the  concrete  compressed  uniformly  at 
the  rate  it  compresses  for  the  lower  stresses.  The  tangent  of  the 
angle  which  the  line  AC  in  Fig.  1  makes  with  the  vertical  gives 
this  initial  modulus  of  elasticity  E^.  The  line  is  tangent  to  the 
parabola  at  A,  and  its  equation  is  a;  =  ^e  y-  By  means  of  this  ini- 
tial modulus  of  elasticity  the  parabolic  stress-deformation  relation 
may,  from  the  properties  of  the  parabola,  be  expressed  as 


E. 


\  —  E. 


^{\-\q)Ke. (1) 

in  whi(5h  q  is  the  ratio  of  the  deformation  developed  to  the  ulti- 
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mate  or  crushing  deformation  of  the  concrete, 
lowing  equation  is  also  true  : 


From  this  the  fol- 


-=   {l-^q)'2q 


(2) 


These  relations  are  fundamental.  The  values  of  ^c,  c,  and  ^c 
must  be  obtained  experimentally.  The  line  for  Ec  should  be 
taken  as  the  line  which  will  give  a  relation  which  will  best  fit 
throughout  the  range  used  in  the  test  of  beams  and  e'c  should  be 
taken  as  the  abscissa  of  the  vertex  of  the  parabola  which 
fits  best  and  not  necessarily  as  the  actual  crushing  de- 
formation of  the  concrete.  It  is  the  general  relation 
which  is  important  and  not  the  values  at  the  point  of 
failure.  Many  stress-deformation  diagrams  have  been  gone  over 
in  this  way,  and  this  representation  has  been  found  quite  satisfac- 
tory. It  may  be  noted  from  Fig.  1  that  while  2000  lb.  per  sq. 
in.  will  give  a  deformation  of  .002,  it  will  take  1500  lb.  per  sq.  in. 
to  produce  one-half  of  that  deformation.  For  small  stresses  the 
stress-deformation  curve  does  not  differ  much  from  the  line  of 
initial  modulus  of  elasticity. 

4.  Distribution  of  Stresses  in  Beams.— Let  Fig.  2  show  the 
section  of  the  beam,  kd  is  the  distance  of  the  neutral  axis  below 


Fig.  2.     Section  of  Beam. 

the  top  of  the  beam,  k  being  a  ratio.  In  Fig.  3,  the  left  diagram  rep- 
resents the  deformations  above  and  below  the  neutral  axis.  Con- 
sider that  the  upper  fiber  is  stressed  to  the  point  of  failure ;  the 
upper  deformation  will  then  be  the  ultimate  or  crushing  deforma- 
tion. Since  the  deformations  are  proportional  to  the  distances 
from  the  neutral  axis,  the  curve  of  compressive  stresses  shown  on 
the  right  will  be  a  parabola  with  its  vertex  at  O.  The  horizontal 
distances  to  the  "line  for  initial  modulus  of  elasticity  "  represent 
the  stresses  which  would  exist  for  the  same  deformation  with  a 
constant  modulus  of  elasticity  equal  to  Fo.    The  stress  in  the  steel 
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is  represented  by  a  length  proportional  to  the  ratio  of  the  modulus  of 
elasticity  of  the  steel  to  the  initial  modulus  of  elasticity  of  the 

concrete  ^n  =  -~  j  .  In  like  manner  Fig.  4  gives  the  stress  and  de- 

formation  distribution  for  a  deformation  of  the  upper  fiber  equal 
to  three-fourths  of  the  ultimate   deformation  of  the  concrete  and 


De/ormot/on 


Compressive  stress, 
c' 


Fig. 


Deformafio/7  Tensile  stress 

of  steel 

3.     Stress  and  Deformation  Distribution  at  Ultimate 
Deformation  op  Concrete. 


a  stress  of  fifteen-sixteenths  of  the  crushing  stress.     Fig.  5  shows 
a  similar  distribution  for  one-half  ultimate  deformation  and  three- 

De/ormat/o/7  Compressive  stress 

c  »| 


De/br/nat/o/j  Tensile   stress 

of  steel 

Fig.  4.     Stress  and  Deformation  Distribution  at  Three-fourths 
Ultimate  Deformation  of  Concrete. 
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fourths  the  crushing  stress.  It  will  be  noted  that  the  parabolic 
arc  appears  somewhat  different  from  that  in  Fig.  3,  and  that  it 
differs  much  less  from  the  "  line  for  initial  modulus  of  elasticity." 
5.  Relations  in  the  Stress  Diagram. — In  deriving  formulas 
for  resisting  moment,  position  of  neutral  axis,  and  compressive 
stress  at  upper  fiber,  three  relations  in  the  stress  diagram  are 
needed:  (1)  the  relation  of  the  stress  c  and  the  deformation  £c  at 
the  upper  fiber;  (2)  the  total  compressive  stress,  here  called  -A'; 
and  (3)  the  position  of  the  center  of  gravity  of  the  compressive 
stresses  given  by  the  distance  z.  These  relations  vary  for  different 


De^ormat/o/7 


Compressive  ■stress 


Defor/naf/o/1 
of'Steel 


Tensile  &tiK55 


Fig.  5.     Stress  and  Deformation  Distribution  at  One-half 
Ultimate  Deformation  of  Concrete. 

values  of  the  deformation  in  upper  fiber.     Basing  the  variation  on 
the  parabolic  stress-deformation  law  previously  stated,  and  using 

g'  =  ^  as  the  ratio  of  the  deformation  developed  in  the  upper 


fiber  to  the  ultimate  deformation  of  the  concrete,  the  following 
relations  are  readily  deduced,  though  their  derivation  will  not  be 
given  here. 

4^=^-\<l (3) 

I,X            Parabolic  area        i       ,  , ,-. 
=:  =  1  —  \q (4) 

\EcSckbd       Triangular  area 
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Equation  (3)  gives  the  ratio  of  the  compressive  stress  in  the 
upper  fiber  to  the  stress  which  would  exist  for  the  same  upper  fiber 
deformation  with  a  straight-line  stress-deformation  relation. 
Equation  (4)  gives  the  ratio  of  the  summation  of  compressive 
stresses  to  the  stress  which  would  exist  for  the  same  upper  fiber 
deformation  with  a  straight-line  stress-deformation  relation. 
Equation  (5)  gives  the  ratio  of  the  distance  between  the  com- 
pression surface  and  the  center  of  gravity  of  compressive  stresses 
to  the  distance  between  that  surface  and  the  neutral  axis. 

Values  for  several  ratios  of  the  deformation  develoi)ed  in  the 
upper  fiber  to  the  ultimate  or  crushing  deformation  of  the  con- 
crete are  given  in  the  following  table : 

TABLE  1. 

Properties  of  the  Stress  Diagram. 


At  ultimate 

Atf  ultimate 

At  i  ultimate 

At  }  ultimate;  By  straight- 

Property 

deformation 

deformation 

deformation 

deformation 

line  relation 

q=l 

q=l 

q=\ 

?=i 

g=0 

G 

^E,e,   _ 

%Ec^c 

f^c^c 

|-^c£"c 

-fic^e 

IX  . 

\E^^Md 

%Ec-Md 

-^^EtisJcbd 

WE^^Md 

\  EdSf^kh  d 

z 

ikd 

\\M 

iis^d 

\lkd 

\kd 

G 

3 

5 

9 

3  1 

1 

2pf 

4 

6 

1  0 

^g" 

k 

Fig.  6  shows  graphically  the  relations  given  by  equations  (3), 
(4)and  (5).  It  will  be  seen  that  the  center  of  gravity  of  the  com- 
pressive stresses  ranges  from  |  distance  down  to  neutral  axis 
(the  value  for  a  deformation  equal  to  the  ultimate  deformation) 

to  "I  distance  down  to  neutral  axis  at  the  lower  limit,  I  ratio,-^  J  . 

The  position  for  q-—\  is  \\^  equal  to  .36.  This  is  not  far  from  the 
value  y*Y  which  was  used  in  the  discussion  of  the  experimental  work 
in  Bulletin  No.  1,  and  which  was  obtained  by  another  method  of 
analysis.  The  position  for  <?  =  ^  is  .341  and  for^  =  0  it  becomes 
\  as  in  the  straight-line  relation.  The  other  ratios  are  less  nearly 
constant.     The  ratio  for  compressive  stress  at  most  remote   fiber 
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to    that    for    direct    proportionality     with     same     deformation 

I —  I    ran2;es  from  A  when  ultimate  deformation  of  concrete  is 

developed   to  1  for  no  deformation.     The  ransje  for  summation 

of  compressive  stress  is  from  |  to  1.     It  should  be  remembered 

/OOr 


Fig.  6. 


/r^/e?  £>fSc  /^  K  =  9 
Variation  of  Functions  with  c[. 


that  these  formulas  are  not  applicable   when   tensile   stresses   of 
concrete  need  consideration. 

6.  Neutral  Axis. — The  foregoing  relations  and  the  analytical 
condition  that  the  total  horizontal  compressive  stresses  and  the 
total  horizontal  tensile  stress  are  equal  will,  if  tensile  stresses  in 
the  concrete  be  neglected,  readily  enable  the  position  of  the 
neutral  axis  to  be  determined  for  rectangular  beams.  From  the 
proportionality  of  deformation  (Fig.  3,  4,  and  5), 

^^  =is    (6) 

1-k      k 
Equating  horizontal  stresses, 

Af=\{\  —  ^(l)E.^Md -   (7) 

Dividing  (7)  by  (6)  and  substituting  f=£^s^s, 

AEs{l—h)  =\{\-\g_)E,¥M 

E  A 

Calling  — 1  =  71  and  =— ,  =  », 
A  bd 
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Solving, 


h^ 


2  p7l 


\  1—4, 


p^  n 


pn 


(8) 


■iq       {l-iqY       1-    _ 

This  gives  the  position  of  the  neutral  axis  after  tensile  stresses 
in  the  concrete  have  become  negligible  and  before  the  concrete 
reaches  its  ultimate  strength.  The  value  of  k  will  vary  some- 
what for  the  range  of  q  considered. 

Forg-^l  equation  (8)  becomes 

3 


k 


\ 


3r       ^       2     2. 
pn  -\-  -  p  n 


-pn. 


(9) 


which  is  the  expression  when  the  concrete  is  at  the  limit  of  its 
compressive  strength. 

For  ^  =  0,  equation  (8)  becomes 


^  = 


■  p  n  — pn. 


(10) 


^1   2i?^i 

which  is  the  same  as  the  value  of   k  derived  with  a  straight-line 
stress-deformation  relation. 
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Proportionate  stress  =§-  and  proportionate  deformation =^,=ey 

Fig.  7.     Variation  in   Position  of   Neutral  Axis  for  Different 

Values  of  q. 

Fig.  7  shows  the  variation  in  k  for  w  =  15  and  a  1  %  rein- 

forcement  {p  =  .01),  given  both  in  terms  of  q  and  in  terms  of  — r. 

0 

In  this  diagram  the  position  of  the  neutral  axis  changes  from 
.418  when  ^  =  0  to  .484  when  the  full  or  crushing  deformation  is 
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developed.  It  shows  a  slow  change  for  increasing  values  of  the 
compressive  stress  until  two-thirds  of  the  full  comijressive 
strength  of  the  concrete  is  developed.  Beyond  this  the  neutral 
axis  lowers  rapidly.  Ordinarily  a  1  %  reinforcement  will  not 
develop  the  full  compressive  strength  of  concrete,  but  the  diagram 
serves  to  illustrate  the  change  in  the  position  of  the  neutral  axis 
both  in  this  and  with  other  amounts  of  reinforcement.  It  is 
seen  that  the  position  remains  nearly  constant  during  what  will 
be  termed  the  third  stage  of  beam  action. 

Of  course  for  low  values  of  $',  the  tensile  strength  of  the  con- 
crete  would  modify  the  position  somewhat. 

For  the  calculations  in  this  bulletin  and  for  the  reinforce- 
ments used,  h  for  ^  =  i  gives  results  which  are  re^Dresentative  for 
the  range  considered  and  will  be  used  in  the  discussion.  For  $"  =  i, 
equation  (8)  becomes 

k  =  AWvn-V  Hip'n'  —  {^pn (11) 

This  equation  gives  the  position  of  the  neutral  axis  for  defor- 
mations which  corresx3ond  closely  with  those  developed  under 
working  stresses. 

Fig.  8,  page  16,  gives  the  position  of  the  neutral  axis  based 
upon  equation  (11)  (q  =  ^)  for  7i  =  10,  12,  15,  and  20.  Calling 
the  modulus  of  elasticity  of  steel,  30  000  000  lb.  loer  sq.  in.,  these 
ratios  correspond  to  initial  moduli  of  elasticity  of  concrete  of 
3  000  000,  2  500  000,  2  000  000  andl  500  000  lb.  per  sq.  in.,  respec- 
tively. 

Attention  is  called  to  the  change  in  position  of  the  curves  from 
that  given  in  Bulletin  No.  1,  which  was  based  upon  q  =  ^ 
and  is  applicable  when  the  compressive  stress  is  well  devel- 
oped, while  that  here  used  is  more  generally  applicable  for  ordi- 
nary working  stresses. 

7.  Resisting  Moment. — When  the  tensile  stresses  in  the  con- 
crete are  neglected  and  the  center  of  gravity  of  the  compressive 
stresses  is  known,  the  value  of  the  resisting  moment  of  the  beam 
(which  it  is  readily  seen  is  the  moment  of  the  couple  formed  by 
the  tensile  stress  in  the  steel  and  the  resultant  of  the  compressive 
stresses  in  the  concrete)  is  easily  expressed  as  the  product  of  the 
tensile  stress  in  the  steel  and  the  distance  from  the  center  of  the 
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steel  to  the  center  of  gravity  of  the  compressive  stresses.     Hence 
the  formula  for  the  resisting  moment  for  a  rectangular  beam  is 

M=  Af{d—  2)     (12) 

It  was  shown  that  z  varies  slightly  for  different  compressive 
stresses.  The  value  of  z  when  the  concrete  at  the  remote  fiber  is 
stressed    three-fourths   of    its    ultimate  deformation    {q  =  f )  is 
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approximately  Mkd;  for  q  =  i,  .35M,  and  for  q  =  i,  .34M. 
For  ^  =r  0,  s  =  i  A-6?.  This  is  the  position  when  the  straight- 
line  stress-deformation  is  used;  i.  e.,  when  the  modulus  of  elastic- 
ity is  constant  and  equal  to  the  initial  modulus  of  elasticity. 

When  the  K  of  the  concrete  is  known  and  the  amount  of  re- 
inforcement is  fixed,  equation  (12)  will  take  the  form 

M=  Af  d' (13) 

where  d'  is  the  moment  arm  of  the  couple  and  may  be  expressed 
as  a  proportionate  part  of  d.  Thus  for  q  =  \^  with  E^  =  2  000  000 
lb.  per  sq.  in.  (71  =  !^)  and  1  %  reinforcement  (j9  =  .01), 
d'  =  .853^/.  For  1.5  %  reinforcement,  (p  =  .015),  d'  =  .8316/. 
The  values  of  the  resisting  moment  for  these  reinforcements  be- 
come .853J.  fd  and  .83U.  fd,  respectively. 

This  method  offers  the  most  convenient  way  of  calculating 
the  resisting  moment  so  far  as  it  is  controlled  by  the  tension 
of  the  steel  within  its  elastic  limit.  The  position  of  the  neutral 
axis  may  well  be  taken  from  a  diagram  like  Fig.  8,  and  the  value 
of  d'  is  then  easily  obtained. 

Generally  it  will  be  best  to  use  the  resisting  moment  in  terms 
of  the  tension  in  the  steel,  but  if  it  is  desired  to  express  it  in 
terms  of  the  compression  in  the  concrete  the  following  equation 
may  be  used. 

JM  =  f^  ~^^]^ckhd{d-  s) (14) 

U— i^J 
At  least  an  approximate  value  of  q  will  be  known  which  may 
be  used  in  equation  (14).  The  fractional  coefficient  is  the  recipro- 

c 
cal  of  the  function  2pf    given  in  Fig.  6. 

~^  ^ 
8.  Compressive  Stress  at  Upper  Fiber.— The  formulas  for  the 
position  of  the  neutral  axis  and  moment  of  resistance  are  based 
upon  the  assumption  that  the  com.pressive  stress  in  the  upper 
fiber  is  within  the  crushing  strength.  To  determine  the  value  of 
the  upper  compressive  stress  substitute  equation  (3)  in  equation 
(7).     This  reduces  to 

_  2Af^ .  l-jg    ^    M^     l--ig  (... 

Ud       1  —  ^q  h     '  l  —  ^q    ^     ^ 

For  a  deformation  of  upper  fiber  equal  to  three-fourths  of  de- 
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formation  at  crushins;  I  or  c  =  q-^  c'     ,  this  becomes  c  —  -^-K~.  For 
(^  16       j  da; 

an  upper  deformation  equal  to  one-half  of  ultimate  deformation 

9  2«/' 
this  becomes  c  =^77  "x"*    ^^^  ^^®  crushing  point  of  the  concrete  it 

becomes  g  —  j    jt-     As   the   upper   deformation  decreases,  the 

value  of  c  approaches  ^-,  which  is  the  amount  of  the  stress  for  a 

constant  modulus  of   elasticity  equal    to   the    initial   modulus   of 

2»/' 
elasticity.     By  multiplying  -—  ^  the  stress  found  on  the  basis  of  a 

constant  modulus  of  elasticity  and  a  known  position  of  the  neutral 

1  —  hq 
axis,  by  this  ratio ^^ Y  ,  the  value  of  the  compressive  stress  is 

found.  The  variation  in  this  ratio  may  be  seen  in  the  upper  line 
in  Fig.  6  and  also  in  the  last  line  of  Table  1.  It  will  be  seen  that 
for  high  compressive  stresses  the  stress  developed  is  much  less 
than  that  given  by  the  straight-line  relation  using  the  value  of 
the  initial  modulus  of  elasticity,  being  only  three-fourths  as  much 
if  the  full  compressive  stress  is  developed.  For  low  compressive 
stresses  the  discrepancy  is  much  less. 

It  should  be  noted  that  when  the  compressive  deformation 
developed  is  well  up  to  the  ultimate,  the  compressive  stress  cal- 
culated from  equation  (15)  is  much  less  than  that  found  by  using 

22)/' 

the  formula    -^;-(or  any  formula  based  on  a  straight-line  stress- 

deformation  relation),  but  when  the  load  develops  a  deformation 
which  is  a  small  proportion  of  the  ultimate,  as  may  be  the  case 
for  working  loads,  the  coefficient  found  in  equation  (15)  will  not 
differ  much  from  unity  and  the  straight-line  formula  will  be  but 
little  in  error. 

9.  Bond  or  Resistance  to  Slipping  of  Reinforcing  Bars. — In 
order  to  have  beam  action  there  must  be  a  proper  web  connection 
between  the  tension  and  the  compression  portions  of  the  beam. 
When  there  is  no  metallic  web  reinforcement  the  concrete  of  the 
beam  acts  as  this  web.  Of  course  the  amount  of  stress  in  the 
reinforcing  bars  and  also  in  the  compression  area  of  the  concrete 


TALBOT  — TESTS  OF  REINFORCED  CONCRETE  BEAMS  19 

varies  at  different  cross  sections  along  the  length  of  the  beam. 
The  increment  between  consecutive  sections  or  increase  in  the 
tensile  stresses  of  the  reinforcing  bars  is  transferred  to  or 
connected  with  the  increments  of  the  compressive  stresses 
of  the  concrete  by  means  of  this  web.  In  transmitting  the 
increment  of  tension  from  the  reinforcing  rods  to  the  sur- 
rounding concrete,  there  is  developed  a  tendency  of  the 
rods  to  slip  in  the  concrete,  and  the  amount  cf  resistance  to  slip 
thus  developed  is  called  bond  and  will  be  measured  in  terms  of 
the  area  of  the  surface  in  contact  with  the  concrete.  It  will  be 
seen  that  the  total  bond  developed  on  the  surface  of  the  bars  in 
one  inch  of  length  is  equal  to  the  total  change  in  total  tensile 
stress  in  the  bar  for  the  same  inch  of  length.  Bond  may  be  com- 
pared to  the  action  of  the  rivets  joining  flange  to  web  in  a  riveted 
steel  girder,  except  that  in  the  reinforced  concrete  beam  the  con- 
tact is  continuous. 

For  horizontal  reinforcement  the  formula  for  bond  may  be 
derived  as  follows :  For  any  vertical  section  of  the  beam  equation 
(13)  iJI=A  fd')  gives  the  resisting  moment.  Differentiating  this, 

-^- ^==  A——d'.  By  the  principles  of  mechanics  of  beams ^  =  F, 
ax  ax  dx 

where  F'is  the  Dotal  vertical  shear  at  the  given  section  (reaction 
at  support  minus  loads  between  the  support  and  the  section  con- 
sidered).    Substituting  and  transposing, 

Adf^y 

Tx'd'  ^^^^ 

A  df 
Now  the  derivative  ,-  expresses   the    rate   of  change   of  the 

total  tensile  stress  in  the  reinforcing  bars  at  the  section  under 
consideration  ;  it  is  given  in  terms  of  a  unit  of  length  of  beam 
(lb.  per  inch  of  length)  and  measures  what  is  transmitted  to  the 
concrete  by  the  bond.  Using  m  as  the  number  of  bars,  o  as  the 
efficient  circumference  or  periphery  of  one  bar,  the  total  surface 
of  bar  for  one  inch  of  length  of  beam  is  m  6>  and  the  bond  stress 
developed  is  m  o  w,  where  u  represents  the  bond  developed  per 
unit  of  area  of  surface  of  bar.  Equating  this  to  the  value  of 
the  derivative  in  equation  (16)  and  solving, 

U  -—  77    (17) 

mod  ^ 
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Equation  (17)  is  not  applicable  in  just  this  form  when  the  bars 
are  bent  up  or  inclined  from  the  horizontal,  since  in  this  case  d' 
is  a  variable  and  this  fact  will  modify  the  differentiation. 

10.  Vertical  and  Horizontal  IShearing  Stresses.  — It  is  shown 
in  the  mechanics  of  beams  that  there  exist  throughout  a  beam 
vertical  and  horizontal  shearing  stresses  which  vary  in  intensity, 
and  that  at  any  point  in  a  beam  the  vertical  shearing  unit-stress 
is  equal  to  the  horizontal  shearing  unit-stress  there  developed. 
As  noted  under  bond  the  total  tension  in  the  reinforcing  bars 
varies  along  the  length  of  the  beam,  as  does  also  the  total  com- 
pressive stress.  The  horizontal  shearing  stress  may  be  consid- 
ered to  transmit  the  increments  or  increase  of  the  total  tensile 
stresses  in  the  reinforcing  bars  (which  is  transmitted  to  the  sur- 
rounding concrete  by  the  bond  stresses)  to  the  corresponding 
increments  of  compression  in  the  compression  area  of  the  con- 
crete, the  concrete  thus  forming  the  stiifening  web  of  the  beam. 
The  amount  of  this  horizontal  tensile  stress  so  transmitted  from 
the  reinforcing  bars  per  unit  of  length  of  beam  is  by  equation  (17) 

V  .      . 

niou=  —— .     Consider  this  distributed  over  a  horizontal  section 
d 

just  above  the  plane  of  the  bars  for  a  unit  of  length  of  beam, 
and  call  the  horizontal  unit  shearing  stress  v.  The  shearing  re- 
sistance per  unit  of  length  of  beam  thus  developed  is  then  hv, 
and  equating  this  to  m  o  u, 

^=w  ■•■•• (i«> 

This  equation  gives  the  horizontal  shearing  unit-stress,  and 
therefore  also  the  vertical  shearing  unit-stress,  at  a  point  just 
above  the  level  of  the  reinforcing  bars.  As  no  tension  is  here 
considered  as  acting  in  the  concrete,  there  will  be  no  change  in 
the  intensity  of  the  horizontal  and  vertical  shearing  stresses  be- 
tween this  level  and  the  neutral  axis.  For  the  part  of  the  beam 
where  tensile  stresses  extend  well  down  to  the  reinforcement 
some  modification  of  this  treatment  may  be  made.  Above  the 
neutral  axis  the  intensity  of  the  shearing  stresses  will  decrease 
by  the  law  of  change  of  horizontal  shearing  stresses  for  homo- 
geneous rectangular  beams  modified  to  suit  the  parabolic  stress- 
deformation  relation.     The  distribution  of  the  intensity  of  the 
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horizontal  shearing  stress  over  a  vertical  section  is  represented  in 
Fig.  9. 


Deformation    Te/?5ion 

and 

Compression 


Fig.  9. 


/-/or/zonfal  shearing  sff^5S, 

Distribution  op  Horizontal  and  Vertical  Shear. 


As  d'  generally  will  not  vary  far  from  .85c?,  the  shearing 
stress  by  equation  (18)  will  be  say  18%  more  than  if  considered  to 
be  uniformly  distributed  over  a  vertical  section  extending  down 
to  the  center  of  the  reinforcing  rods.  Even  if  tension  is  consid- 
ered to  exist  in  the  concrete  for  a  short  distance  below  the  neutral 
axis,  the  shearing  stress  will  not  be  greatly  modified  thereby.  If 
the  bars  are  inclined  or  bent  up  from  the  horizontal,  equation 
(18)  must  be  changed  to  allow  for  a  variable  d' . 

11.  Diagonal  Tension  in  Concrete. — In  the  flexure  of  a  beam 
stresses  are  set  up  in  the  web  which  are  sometimes  called  web 
stresses  and  sometimes  secondary  stresses.  Besides  the  horizontal 
and  vertical  sliearing  stresses  already  discussed,  tensile  or  com- 
pressive and  shearing  stresses  exist  in  every  diagonal  direction. 
In  determining  the  bending  moment  only  the  horizontal  compo- 
nents of  these  are  taken.  When  there  is  no  metallic  web  rein- 
forcement all  the  diagonal  stresses  are  taken  by  the  concrete.  By 
the  analysis  of  combined  shear  and  tension  the  value  of  the  maxi- 
mum diagonal  tensile  unit-stress  (see  Merriman's  Mechanics  of 
Materials,  p.  265,  1905  edition)  is  found  to  be 


t  =  ^s-^  s/  Is'^v' (19) 

where  t  is  the  diagonal  tensile  unit-stress,  s  is  the  horizontal  ten^ 
sile  unit-stress  existing  in  the  concrete,  and  v  is  the  horizontal  or 
vertical  shearing  unit-stress.      The   direction  of  this  maximum 
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diagonal  tension  makes  an  angle  with  the  horizontal  equal  to  one- 
half  the  angle  whose  cotangent  is  ^  -  . 

2  V 

If  there  is  no  tension  in  the  concrete  this  reduces  to 

^  =  V (20) 

and  the  maximum  diagonal  tension  makes  an  angle  of  45°  with 
the  horizontal  and  is  equal  in  intensity  to  the  vertical  shearing 
stress. 

12.  Method  of  Failure. — The  several  stresses  developed  in  a 
reinforced  concrete  beam  will  vary  according  to  the  dimensions, 
reinforcement,  and  method  of  loading.  The  stress  which  reaches 
the  limit  of  the  resisting  property  of  the  material  is  the  one  which 
will  control  the  strength  of  the  beam.  It  is  not  likely  that  two 
or  more  of  these  stresses  will  reach  their  point  of  failure  at  the 
same  time.  It  is  not  even  generally  feasible  so  to  proportion  a 
beam  that  its  strength  shall  be  the  same  in  tension,  compression, 
bond  and  diagonal  tension.  For  other  reasons  the  amount  of  re- 
inforcement or  depth  of  beam  may  be  made  the  same  in  spans  of 
different  length  or  carrying  different  loads,  and  such  a  variation 
will  change  the  relative  value  of  tension,  compression,  bond,  etc. 
While  it  may  be  well  to  calculate  the  various  stresses,  in  many 
cases  the  relative  dimensions  and  amount  of  reinforcement  are 
such  that  the  method  of  failure  may  be  told  without  much  cal- 
culation. In  such  cases  only  the  formulas  which  determine  the 
stress  for  the  most  i)robable  methods  of  failure  need  be  used. 

13.  Primary  and  Ultimate  Faihire. — In  judging  of  the  re- 
sults of  tests  a  distinction  must  be  made  between  primary  failure 
and  ultimate  failure.  Some  change  or  failure  may  take  place  in 
the  beam  during  the  test  which  will  greatly  modify  the  conditions, 
and  we  may  not  properly  judge  of  the  conditions  existing  at  this 
time  by  what  hax3]3ens  later.  This  early  or  critical  failure  may  be 
named  the  primary  failure  and  its  cause  should  be  called  the 
cause  of  the  failure  of  the  beam.  Thus,  in  a  beam  having  a 
moderate  or  small  amount  of  reinforcement,  after  the  load  is 
reached  which  stresses  the  steel  beyond  its  yield  point,  the  steel 
stretches  rapidly,  the  neutral  axis  rises,  and  the  compressive 
stresses  are  thereby  materially  increased  until  ultimate  failure 
by  compression  may  result.  The  real  cause  of  failure,  however, 
is  the  passing  of  the  yield  point  of  tlie  steel,  and  the  maximum 
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load  is  generally  but  little  more  than  that  carried  at  the  yield 
point  of  the  reinforcement.  Again,  slipping  of  bars  may  come 
after  diagonal  tension  failure  has  occurred.  Confusion  has  arisen 
from  ultimate  failures  being  reported  instead  of  primarj^  failures. 
It  is  not  always  possible  to  know  positively  the  cause  of  failure, 
but  generally  a  careful  study  of  the  test  will  give  a  trustworthy 
conclusion.  Too  frequently  only  an  exterior  appearance  is  re- 
ported which  does  not  represent  the  true  cause  of  failure  and  the 
report  is  likely  to  be  misleading. 

14.  Failure  hy  Tension  in  Steel. — Beams  having  shallow 
depth  as  compared  with  their  length  and  having  a  moderate 
amount  of  reinforcement  may  when  tested  with  usual  way  of 
loading  be  expected  not  to  fail  before  the  steel  has  been  stretched 
to  its  yield  point,  and  the  maximum  load  carried  will  generally 
be  but  little  higher  than  that  carried  when  the  yield  point  is 
reached.     Fig.  10  (a)  illustrates    the  typical   form   of  failure  by 


T 
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Fig.  10.     Typical  Forms  of  Failure. 

(a)  Tension  in  Steel,     (fe)  Compression  of  Concrete,    (c)  Diagonal  Tension  Failure. 

tension  in  steel.     When  deformations  have  been  measured,  the 
plotted  stress-deformation  curve  for  tension  will  show  a  sudden 
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and  marked  change  at  the  yield  point  and  there  will  be  a  corres- 
pondingly sudden  change  in  the  compression  curve.  As  stated  in 
Bulletin  No.  1,  for  the  1-3-6  concrete  used,  failure  by  tension  in 
steel  occurred  in  beams  having  a  reinforcement  of  not  more  than 
1.5  %  for  steel  of  33  000  lb.  per  sq.  in.  elastic  limit  and  not 
more  than  1.0%  for  steel  of  55  000  lb.  per  sq.  in.  elastic 
limit.  The  calculated  stress  in  the  steel  may  be  found  by  equa- 
tions (12)  or  (13).  Whether  other  forms  of  failure,  as  by  diagonal 
tension,  will  cause  failure  before  the  yield  iDoint  is  reached  is  a 
matter  for  further  consideration.  It  should  be  noted  that  tension 
cracks  as  shown  in  Fig.  10  (a)  will  appear  considerably  before  the 
steel  reaches  its  yield  point.  With  other  forms  of  failure,  these 
cracks  may  appear  but  they  do  not  grow  to  the  extent  they  do  in 
tension  failures. 

15.  Failure  hy  Compression  of  Concrete. — Beams  having  a 
large  amount  of  reinforcement  may  fail  by  the  crushing  of  the 
concrete  at  the  top  of  the  beam  before  the  steel  has  been  stressed 
to  its  elastic  limit.  The  amount  of  reinforcement  necessary  so  to 
develop  the  full  compressive  strength  of  the  concrete  will  of  course 
depend  upon  the  quality  of  the  concrete  and  upon  the  elastic 
limit  of  the  steel.  The  1  and  1.5  %  noted  in  the  preceding  para- 
graph may  be  taken  as  tentative  limits  for  the  concrete  here  used. 
Fig.  10  (5)  illustrates  this  form  of  failure.  If  stress-deformation 
diagrams  are  made,  the  line  showing  the  shortenings  of  the  upper 
fiber  of  the  concrete  will  curve  away  rapidly  from  the  usual 
straight-line  position,  but  the  steel 'deformation  line  will  not  be 
modified  materially  until  near  the  point  of  failure.  This  condi- 
tion of  the  stress-deformation  curves  is  the  best  evidence  that  the 
crushing  strength  of  the  concrete  has  been  reached  without  devel- 
oping the  strength  of  the  steel  to  its  yield  point.  The  calculated 
value  of  the  compressive  stress  may  be  found  by  equation  (15). 
Whether  the  strength  of  beams  having  a  reinforcement  large 
enough  to  develop  the  full  compressive  strength  of  the  concrete 
should  be  based  upon  the  ultimate  strength  may  require  some 
discussion.  The  effect  of  repetition  of  load  and  even  of  retention 
of  load  upon  concrete  under  considerable  stress  seems  to  lead  to 
the  choice  of  a  lower  stress  than  the  ultimate  strength  of  concrete 
for  a  limit  to  correspond  to  the  yield  point  of  steel. 

16.  Failure  of  Bond  Between  Steel  and  Concrete. — Primary 
failure  by  the  breaking  of  the  bond  between  steel  and  concrete  is 
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unusual  for  beams  havine;  the  proportions  of  ordinary  test  beams. 
The  bond  stress  developed  in  such  beams  at  their  ultimate  load  as 

calculated  by  equation  (17)    I  ^ yy  \  ,  ranges  from  70  to  193 

lb.  per  sq.  in.,  and  the  bond  tests  on  plain  mild  steel  rods  give 
values  from  200  to  500  lb.  per  sq.  in.  and  on  some  forms  of  de- 
formed bars  from  300  to  1000  lb.  per  sq.  in.  It  is  true  that  condi- 
tions under  which  the  bond  tests  are  made  differ  from  those  in 
the  beam  and  also  that  bond  stresses  may  not  be  distributed  in 
the  beam  exactly  as  assumed  and  considerable  allowance  should 
be  made  for  these.  Besides,  the  effect  of  time  and  of  repetition 
of  stress  upon  bond  resistance  is  not  known.  For  bars  bent  up 
out  of  the  horizontal  a  much  higher  stress  is  brought  into  action 
near  the  end  of  the  bar  than  with  the  bars  laid  horizontally 
throughout  the  length  of  the  beam.  The  value  of  the  bond  resist- 
ance will  depend  upon  the  smoothness  of  the  surface  of  the  bar, 
the  uniformity  of  its  diameter,  the  adhesive  strength  of  the  con- 
crete, and  the  shrinkage  grip  developed  in  setting.  In  most  of 
the  failures  reported  to  be  caused  by  slipping  of  the  bars,  it  seems 
certain  that  this  slipping  occurred  subsequent  to  diagonal  tension 
failures  or  other  changes  which  were  the  primary  causes  of  fail- 
ure. For  mild  steel  reinforcement  j)laced  horizontally  in  beams 
of  ordinary  dimensions,  the  diagonal  tensile  strength  of  the  beam 
will  be  a  much  weaker  element  than  the  bond  stress  between  steel 
and  concrete.  An  interesting  illustration  of  the  reverse  of  this 
condition  is  found  in  the  tests  of  beams  reinforced  with  tool  steel 
described  herein. 

17.  Failure  hy   Shearing    of   Concrete. — The   horizontal   and 
vertical  shearing  unit-stresses  obtained  by  the  use  of  equation  (18) 

V  —  -j-^  I  are   low,  the  highest  value   developed  for  the  beams 

herein  tested  being  151  lb.  per  sq.  in.  Even  if  we  consider  a 
point  in  a  beam  at  which  the  concrete  is  carrying  stress  in  ten- 
sion up  to  its  ultimate  strength,  the  value  of  the  diagonal  shearing 
stress  will  scarcely  reach  twice  the  vertical  shearing  stress.  The 
shearing  strength  of  concrete  is  much  higher  than  this, — probably 
from  50  to  75%  of  the  compressive  strength.  Tests  made  at  the 
University  of  Illinois  and  elsewhere  show  as  great  strength  as  this. 
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The  low  values  frequently  quoted,  which  range  from  15  to  35%  of 
the  compressive  strength,  are  from  tests  made  in  such  a  way  that 
bending  action  controls  and  the  failures  are  more  nearly  tension 
failures.  It  can  hardly  be  said,  then,  that  reinforced  concrete 
beams  fail  by  shear.  What  have  been  called  shearing  failures  are 
really  diagonal  tension  failures. 

18.  Failure  hy  Diagonal  Tension  in  Concrete. — When  the 
diagonal  tensile  stresses  developed  become  as  great  as  the  tensile 
strength  of  the  concrete,  the  beam  will  fail  by  diagonal  tension, 
provided  there  is  no  metallic  web  reinforcement.  Fig.  10  (c) 
gives  the  typical  form  which  this  failure  takes.  As  the  value  of 
the  maximum  diagonal  tensile  stress  developed  in  a  beam  is  by 
equation  (19)  dependent  upon  the  horizontal  tensile  stress  devel- 
oped at  the  same  point  it  is  difficult  to  compute  its  actual  amount. 
The  best  method  seems  to  be  to  compute  the  horizontal  and  verti- 
cal shearing  unit-stress  and  make  all  comparisons  on  the  basis  of 
this  value.  Beams  which  fail  by  diagonal  tension  and  which  are 
without  metallic  web  reinforcement  give  a  value  of  100  to  150  lb. 
per  sq.  in.  for  the  vertical  shearing  unit-stress  when  calculated 
by  equation  ri8)  (and  lower  values  for  poorer  concrete),  the  limit 
depending  upon  the  strength  of  the  concrete.  When  these  values 
are  combined  in  equation  (19)  with  the  probable  horizontal  ten- 
sile stress  developed  in  the  concrete  below  the  neutral  axis,  the 
resulting  diagonal  tensile  stress  is  evidently  the  full  tensile 
strength  of  the  concrete.  Diagonal  tension  failures  are  frequently 
characterized  by  sudden  breaks,  without  much  warning,  as  is  the 
case  in  the  failure  of  plain  concrete  beams.  A  variation  from 
this  gives  a  slower  failure,  part  of  the  shear  being  carried  through 
the  reinforcing  bars,  and  the  ultimate  failure  involving  the  split- 
ting and  stripping  of  the  bars  from  the  beam  above  as  described 
under  the  next  heading  . 

It  is  evident,  since  the  vertical  or  external  shear  is  independ- 
ent of  the  resisting  moment,  that  the  relation  between  the  depth 
and  length  of  a  beam  will  determine  whether  the  beam  will  fail 
by  diagonal  tension  or  by  tension  of  steel  or  compression  of  con- 
crete. In  relatively  short  and  deep  beams  the  diagonal  tensile 
strength  will  fix  the  strength  of  the  beam,  while  in  long  shallow 
beams  this  element  may  be  disregarded. 

Since  the  diagonal  tension  may  be  resolved  into  horizontal 
and  vertical  or  other  components,  the  concrete  may  be  relieved 


TALBOT — TESTS  OF  REINFORCED  CONCRETE  BEAMS 


27 


of  a  part  of  the  diagonal  tensile  stress  by  one  or  both  of  two 
means  :  (1)  by  bending  the  reinforcing  rods  or  strips  sheared  from 
them  into  a  diagonal  position,  and  (2)  by  making  use  of  stirrups 
to  take  the  vertical  component  of  the  diagonal  tension.  The 
necessity  and  efficacy  of  these  metallic  web  reinforcements  can 
not  be  discussed  here  but  will  be  taken  up  in  a  later  bulletin. 

19.  Failure  hy  Splitting  of  Bars  aioay  from  Upper  Portion 
ofBeam.—YduWviVeQ  sometimes  occur,  either  after  a  diagonal  crack 
has  appeared  or  at  the  same  time  that  such  a  crack  is  observed, 
in  which  the  reinforcing  bars  and  the  concrete  below  the  level  of 
the  bars  are  split  away  from  the  remainder  of  the  beam,  the  crack 
running  horizontally  for  some  distance.  This  stripping  is  caused 
by  vertical  tension  in  the  concrete  transmitted  to  it  by  the  stiff- 
ness of  the  reinforcing  bars  after  the  concrete  fails  to  carry  its 
assignment  of  diagonal  tension.  In  Fig.  11  consider  that  a  diag- 
onal crack  CD  has  been  formed.  Take  a  vertical  section  through 
AD.  On  account  of  the  diagonal  crack  normal  beam  action  does 
not  exist  and  part  of  the  vertical  shear  from  the  main  portion  of 


Fia.  11.     Failure  when  Bars  Split  away  from  Upper  Portion  op 

Beam. 

the  beam  is  transmitted  by  the  projecting  portion  of  the  beam 
DOB  acting  as  a  cantilever  and  the  flexural  stiffness  of  the  bars  to 
the  point  0  and  there  applied  to  the  left  portion  of  the  beam  as  a 
downward  force,  {a)  shows  the  part  at  the  left  of  AD  acting 
as  a  free  body.  The  part  of  the  vertical  shear  applied  at  0  tends 
to  split  the  bars  from  the  beam,  starting  at  0  and  running  toward 
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E.  This  action  is  resisted  by  the  tensile  strength  of  the  concrete 
in  a  vertical  direction,  and  when  this  is  exceeded  the  bars  will 
split  from  the  concrete  above,  ^his  may  happen  without  any 
horizontal  movement  or  slip  of  the  bars.  Splitting  of  the  bars 
from  the  beam  presupposes  a  failure  in  diagonal  tension,  for 
as  long  as  true  beam  action  exists  vertical  tension  is  not 
developed.  After  the  diagonal  crack  is  formed  this  part  of  the 
beam  takes  on  the  nature  of  a  truss.  This  form  of  failure  is  then 
a  secondary  failure,  though  under  some  conditions  the  load  carried 
before  splitting  occurs  may  be  considerably  more  than  that  at 
which  the  diagonal  crack  appeared.  This  explanation  shows  why 
the  concrete  at  the  bottom  of  the  bars  continues  to  adhere  to  the 
bars.  .  There  is  no  evidence  of  shearing  failure  in  these  cases. 

Attention  should  also  be  called  to  the  danger  from  si3acing 
bars  too  closely  or  with  not  sufficient  concrete  below  the  bars. 

II.     Materials,  Test  Pieces  and  Testing 

The  materials,  method  of  making  test  pieces,  and  manner  of 
testing  the  beams  were  much  the  same  as  in  the  tests  described 
in  Bulletin  No.  1  of  the  University  of  Illinois  Engineering  Exper- 
iment Station,  Tests  of  Reinforced  Concrete  Beams. 

20.  Stone. — The  stone  used  was  Kankakee  limestone,  ordered 
screened  over  a  ^-in.  screen  and  through  a  1-in.  screen.  It  weighed 
87  lb.  per  cu.  ft.  loose  and  contained  45%  voids.  Table  2  shows  the 
proportion  of  sizes  as  determined  from  two  sami)lesof  15  lb.  each. 

TABLE  2. 
Analysis  op  Stone. 


Diameter  of  Mesh  Amount  Eetained 

Per  cent 

inches 

pounds 

passing 

2 

0 

100.0 

1 

.53 

96.5 

1/2 

9.03 

37.2 

1/4 

4.06 

9.2 

No.  10  sieve 

1.12 

1.7 

Dust 

.25 

In  the  determination  of  voids  in  both  stone  and  sand,  the  material 
was  poured  slowly  into  the  water  so  that  the  voids  became  filled 
with  water,  and  no  air  was  entangled. 

21.     Sand. — The  sand  w^as  furnished  by  the  Garden  City  Sand 
Co.,  of  Chicago,  and  was  of  the  quality  known  locally  as  torpedo 
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sand.  It  was  clean  and  sharp,  and  was  screened  through  a  sieve  of 
^-in.  mesh  before  using,  except  for  Beams  No.  1  toll  in  which  it  was 
used  unscreened.  The  sand  weighed  103  lb.  per  cu.  ft.  loose  and 
contained  28  to  30%  voids.     Table  3  gives  the  result  of  the  me- 


TABLE  3. 

Analysis  of  Sand. 


Sieve  No. 

Diameter  of  Mesh 
inches 

Per  cent 
passing 

4 

.208 

100.0 

10 

.073 

79.8 

20 

.034 

54.5 

50 

.011 

17.1 

74 

.0078 

6.0 

100 

.0045 

2.0 

chanical  analysis  of  the  sand.     The  gradation  of  particles  is  not  as 
desirable  as  that  found  in  the  sand  used  in  the  Series  of  1904. 

22.  Cement — The  cement  was  furnished  by  the  Joint  Com- 
mittee and  was  formed  of  a  mixture  of  five  standard  brands  of 
American  Portland  cement  mixed  in  equal  proportions  at  one  of 
the  mills  in  Pennsylvania.     Table 


4  gives  the  tensile  strength  of 


TABLE  4. 

Tensile   Strength  op    Cement. 


Ultimate  Strength,  lb.  per  sq.  in. 

Eef. 

Age  7  Days 

Age  75  Days 

No. 

Neat 

1-3  Mortar 

Neat 

1-3  Mortar 

1 

685 

397 

760 

500 

2 

710 

345 

720 

610 

3 

630 

325 

580 

560 

4 

880 

330 

640 

540 

5 

700 

340 

760 

490 

6 

735 

385 

500 

Aver. 

723±56 

354  ±20 

692  ±54 

533±31 

neat  cement  and  1-3  mortar.     The  briquettes  were  stored  in  damp 
air  for  one  day  and  under  water  for  the  remainder  of  the  time. 

23.  Steel. — In  accordance  with  the  recommendation  of  the 
Committee  on  Tests  of  the  Joint  Committee  on  Concrete  a  nd  Re- 
inforced Concrete,  that  the  oi3erations  of  the  year  be  restricted  to 
beams  reinforced  with  plain  bars,  no  deformed  bars  were  used. 
The  bars  used  were  round  rods,  \  and  f  inches  in  diameter.     Both 
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mild  steel  and  tool  steel  were  used.  Although  it  was  thought 
that  care  had  been  exercised  in  getting  the  mild  steel  of  the  same 
grade,  it  was  found  that  the  i-in.  rods  could  be  divided  into  two 
classes,  one  in  which  the  yield  point  was  about  33  000  lb.  per  sq.  in. 

TABLE  5. 
Tension  Tests  of   Mild   Steel. 


■3  1=1 

a;  a; 

"0  & 
Oh  ^ 

>a 

Ultimate 
Strength 
lb.  per  sq.  in. 

Elongation 
in  8  inches 
per  cent 

Specimens 
Taken  From 

1-2 
o.S 

"0  6* 

Ultimate 
Strength 
lb.  per  sq.  in. 

Elongation 
in  8  inches 
per  cent 

G.  S.* 

3/4 

28400 

46700 

37.0 

Beam  No. 

20 

1/2 

45300 

62800 

28.5 

G.  S. 

3/4 

29000 

46400 

35.0 

Beam  No. 

20 

1/2 

45500 

62900 

27. 

G.  S. 

3/4 

28800 

46000 

36.0 

Beam  No. 

20 

1/2 

44900 

62900 

30. 

G.  S. 

3/4 

28300 

45900 

38.0 

Beam  No. 

20 

1/2 

41200 

61300 

29. 

Average 

28600 

46250 

36.5 

Beam  No. 

21 

1/2 

42400 

61700 

27.5 

Beam  No. 

21 

1/2 

42600 

61700 

29. 

G.  S. 

1/2 

33100 

51600 

33. 

Beam  No. 

21 

1/2 

43800 

62400 

27. 

G.  S. 

1/2 

34100 

52900 

30. 

Beam  No. 

21 

1/2 

42900 

62400 

27. 

G.  S. 

1/2 

34000 

52900 

31. 

Beam  No. 

23 

1/2 

43100 

61200 

29. 

Average 

33700 

52400 

31.2 

Beam  No. 

23 

1/2 

44200 

62400 

29.5 

Beam  No. 

23 

1/2 

44600 

62200 

27.5 

Beam  No. 

23 

1/2 

42900 

62300 

28. 

Beam  No.  36 

1/2 

33400 

53200 

31.5 

Average 

43600 

62350 

28.3 

Beam  No.  36 

1/2 

32400 

50200 

33. 

Beam  No.  36 

1/2 

31100 

50200 

32. 

Beam  No. 

11 

1/2 

42200 

59200 

27.5 

Beam  No.  37 

1/2 

31700 

50300 

34. 

Beam  No. 

11 

1/2 

35300 

50000 

30.5 

Beam  No.  37 

1/2 

32700 

52200 

31.5 

Beam  No. 

11 

1/2 

39700 

58000 

28. 

Beam  No.  37 

1/2 

34700 

53000 

34. 

Beam  No. 

11 

1/2 

41400 

58200 

29. 

Beam  No.  37 

1/2 

32900 

52000 

32. 

Beam  No. 

18 

1/2 

34500 

49900 

34.5 

Beam  No.  37 

1/2 

33500 

50800 

.32.5 

Beam  No. 

18 

1/2 

35900 

50000 

34. 

Beam  No.  47 

1/2 

34100 

52000 

32. 

Beam  No. 

18 

1/2 

42200 

61600 

27. 

Beam  No.  47 

T/2 

32600 

51200 

30.5 

Beam  No. 

18 

1/2 

41700 

61500 

26.5 

Beam  No.  47 

1/2 

34100 

51000 

32.5 

Beam  No. 

19 

1/2 

35900 

50000 

33. 

Beam  No.  47 

1/2 

33400 

51100 

33. 

Beam  No. 

19 

1/2 

34500 

49600 

33.5 

Beam  No.  48 

1/2 

36700 

55100 

30. 

Beam  No. 

19 

1/2 

45300 

62900 

27. 

Beam  No.  48 

1/2 

33900 

51800 

28. 

Beam  No. 

19 

1/2 

45000 

62900 

27.5 

Beam  No.  48 

1/2 

33800 

51500 

33.5 

Beam  No. 

27 

1/2 

33900 

49300 

34.5 

Beam  No.  48 

1/2 

32700 

51000 

33.5 

Beam  No. 

27 

1/2 

41500 

59700 

30. 

Beam  No.  54 

1/2 

34200 

54400 

31. 

Beam  No. 

27 

1/2 

39800 

58200 

Beam  No.  54 

1/2 

33300 

50900 

30.5 

Beam  No. 

30 

1/2 

34600 

49700 

33!' 

Beam  No.  54 

1/2 

33500 

50800 

33.5 

Beam  No. 

30 

1/2 

41500 

58700 

27.5 

Beam  No.  54 

1/2 

33700 

50900 

32. 

Beam  No. 

30 

1/2 

42500 

59200 

Beam  No.  58 

1/2 

32300 

51600 

28. 

Beam  No. 

30 

1/2 

42000 

69300 

27 '.5 

Beam  No.  58 

1/2 

33800 

54700 

28. 

Beam  No. 

31 

1/2 

35400 

49200 

32. 

Beam  No.  58 

1/2 

32400 

51100 

33. 

Beam  No. 

31 

1/2 

34600 

50200 

32.5 

Beam  No.  58 

1/2 

33800 

54500 

28. 

Beam  No. 

31 

1/2 

41900 

58700 

30. 

Beam  No.  59 

1/2 

32400 

51400 

31.5 

Beam  No. 

31 

1/2 

42500 

59200 

29.5 

Beam  No.  59 

1/2 

32800 

51900 

30. 

Beam  No.  59 

1/2 

32700 

52100 

28. 

Beam  No.  59 

1/2 

31600 

51600 

31. 

Average 

33200 

51900 

31.4 

*  G.  S.  refers  to  general  stock. 


TALBOT — TESTS  OF  REINFORCED  CONCRETE  BEAMS 


31 


and  another  averaging  43  600  lb.  per  sq.  in.  Unfortunately  some  of 
the  beams  contained  a  mixture  of  these  two  classes.  Table  5  gives 
the  results  of  tests  made  on  rods  taken  from  near  the  ends  of  some 
of  the  tested  beams,  as  well  as  on  bars  taken  from  the  general 
stock.  Some  of  the  beams  were  destroyed  before  the  variation  in 
the  steel  was  discovered,  and  the  strength  of  this  steel  is  not 
fully  known.  The  f-in.  mild  steel  was  quite  soft,  the  yield  point 
averaging  28  600  lb.  per  sq.  in.  The  tests  of  the  tool  steel  are 
given  in  Table  6.     Its  elastic  limit  averaged  52  900  lb.  per  sq.  in. 

TABLE  6. 

Tension  Tests  of  Tool  Steel. 


Specimen 
Taken  From 

Nominal 

Diameter 

inches 

Yield    Point 
lb.  per  sq.  in. 

Ultimate 

Strength 

lb.  per  sq.  in. 

Elongation 

in  8  inches 

per  cent 

Gen'l  Stock. 
Gen'l  Stock. 
Gen'l  Stock. 
Gen'l  Stock 

3/4 
3/4 
3/4 
3/4 

52500 
53200 
53000 
53000 

83900 
85400 
85400 
84000 

25.4 
25.5 
23.2 
25.4 

Average 

52900 

84700 

24.9 

24.  Concrete. — Table  7  gives  the  results  of  compression  tests 
of  6-in.  concrete  cubes.  The  concrete  used  in  making  cubes  was 
taken  from  the  mix  used  in  making  a  test  beam.  The  number  of 
the  test  beam  corresponding  to  the  cubes  is  given  in  the  first  col- 
umn. The  cubes  were  left  exposed  in  a  room,  and  were  not  moist- 
ened in  any  way.  It  seems  evident  that  they  became  very  dry 
and  that  their  strength  suffered  from  this  cause  even  more  than 
did  the  concrete  beams.  It  is  felt  that  the  compressive  strength 
of  the  concrete  in  the  test  beams  was  considerably  greater  than 
that  developed  in  the  cubes. 

Table  8  gives  the  flexural  strength  of  three  plain  concrete 
beams.  The  effect  of  the  weight  of  the  beam  and  of  the  loading 
apparatus  is  included  in  determining  the  modulus  of  rupture. 
The  results  are  about  the  same  as  those  for  the  concrete  beams 
tested  in  1904. 

25.  Test  Beams. — The  size  of  the  test- beam  used  was  that 
adopted  by  the  committee  on  Plan  and  Scope  of  the  Joint  Com- 
mittee, i.  e.,  8  inches  wide,  11  inches  deep  and  13  feet  long,  with 
test  span  of  12  feet.  The  center  of  the  steel  reinforcement  was 
placed  10  inches  below  the  top  surface,  except  that  in  special  cases 
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TABLE  7. 
CoMPEEssioN  Tests  op  6-inch  Concrete  Cubes. 


Concrete 
as  in 

Kind  of 
Concrete 

Age 
days 

Crushing 

Load 
pounds 

Compressive 

Strength 
lb.  per  sq.  in. 

Beam  No.  35 

-3-6 
1 

66 

48000 
47980 
57400 

1330 
1330 
1590 

Beam  No.  44 

1-3-6 

67 

38400 
39800 
29400 

1065 

1105 

816 

Beam  No.  65 

1-3-6 

59 

47200 
41600 

48850 

1310 
1156 
1355 

Average 

1230 

Beam  No.  59 

1-2-4 

58 

45400 
37800 

1290 
1050 

Beam  No.  60 

1-2-4 

58 

64500 
73200 
64200 

1790 
2070 
1780 

Beam  No.  66 

1-2-4 

57 

54560 
55000 
41240 

1510 
1530 
1140 

Average 

1520 

Beam  No.  48 

1-3-6 

69 

28200 
28300 
28000 

783 
786 

777 

TABLE  8. 

Tests  of  Plain  Concrete   Beams. 

Dimensions,  8  in.  x  11  in.  x  13  ft.  Span,  12  ft. 


Beam 

No. 

Kind  of 
Concrete 

Age  at  Test 

days 

Maximum 

AppliedLoad 

pounds 

Modulus  of 

Eupture 

lb.  per  sq.  in. 

64 
65 
66 

1-3-6 
1-3-6 
1-2-4 

58 
59 
59 

1200 
1260 
1320 

357 
366 
375 

it  was  bent  up  at  the  ends.  These  beams  were  much  more  easily 
made  and  handled  than  the  larger  size  of  test  beams  (12  in.  Xl3i 
in.  X  15  ft.  4  in.)  used  in  1904.  The  amount  of  reinforcement 
given  is  in  terms  of  the  area  of  the  concrete  above  the  center  of 
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the  metal,  no  deduction  being  made  for  the  area  taken  by  the 
metal. 

26.  Making  of  Beams. — Beams  were  made  directly  on  the 
concrete  floor  of  the  testing  laboratory,  a  strip  of  building  paper 
being  first  spread  on  the  floor.  The  forms  used  for  the  sides  and 
ends  were  in  general  similar  to  those  used  in  1904  which  are 
shown  in  Fig.  5,  of  Bulletin  No.  1.  They  were  of  dressed  pine 
with  braces  and  bolts  as  before.  They  proved  entirely  satisfac- 
tory, except  for  some  warping  of  the  timber  which  was  overcome 
by  soaking  the  boards  in  water  between  applications.  The  con- 
crete was  mixed  by  hand  with  shovels,  a  man  experienced  in 
mixing  concrete  assisting  in  the  work.  All  materials  were  meas- 
ured by  loose  volume.  Cement  and  sand  were  thoroughly  mixed 
on  a  large  sheet-steel  mixing  board  [before  stone  was  added.  The 
stone,  cement,  and  sand  were  then  mixed,  water  was  added,  and 
the  mixture  was  turned  until  it  had  a  uniform  consistency.  A 
moderately  wet  concrete  was  used.     Table  9  shows  the  probable 

TABLE  9. 
Amount  op  Water  Used  in  Mixing  Concrete. 


Beam 

No. 

Weight 
Stone 

of  Dry  Material, 
Sand     1  Cement 

pounds 
Total 

Weight  of 

Water 

pounds 

Per  cent 
of  Water 

24 
45 

657 
667 

369 
394 

105 
96.5 

1131 
1157.5 

85.5 
101.5 

7.6 
8.8 

range  of  the  amount  of  water  used.  For  Beam  No.  24  the  sand 
was  already  moist  and  in  No.  45  it  was  dry.  With  few  exceptions 
batches  of  concrete  were  mixed  just  large  enough  for  one  beam, 
and  for  three  6-inch  cubes.  Concrete  was  deposited  in  layers 
of  about  3  inches,  each  layer  being  thoroughly  tamped.  The  side 
faces  of  the  beams  were  spaded  as  the  work  progressed.  Forms 
were  allowed  to  remain  in  iDlace  about  48  hours.  The  proportions 
for  most  of  the  beams  were  1  cement,  3  sand,  6  stone  by  loose  vol- 
ume. A  few  beams  were  made  of  concrete  with  the  proportions 
1-2-4.  The  beams  were  numbered  in  the  order  of  making.  The 
average  weight  of  the  beams  was  about  1200  lb.,  making  the  con- 
crete weigh  about  150  lb.  per  cu.  ft. 

27.     Storage— "The  temperature  of  the  room  during  the  curing 
of  the  beams  ranged  from   60  to  70  degrees,  F.  and  no  protection 
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from  drying  out  was  used,  except  that  the  beams  were  sprinkled 
with  water  for  a  few  days  after  being  made.  It  seems  probable 
that  the  beams  dried  out  too  much  to  secure  the  best  quality  of 
concrete.  The  general  age  of  the  beams  at  testing  was  60  days ; 
the  exact  age  is  given  in  the  table.  The  storage  space  of  the  room 
being  limited  it  was  necessary  to  pile  the  beams  in  tiers  five  beams 
high.  The  beams  were  moved  from  their  place  of  construction, 
generally  after  more  than  two  weeks  had  elapsed,  and  were  piled 
in  tiers  with  thin  strijDs  between.  An  unfortunate  accident  hap- 
pened to  the  first  fifty  beains.  Not  being  securely  braced,  the  last 
tier  fell  over  sideways  and  struck  the  next  tier  and  thus  caused 
all  to  tumble  like  a  pile  of  bricks.  The  age  at  time  of  fall  ranged 
from  two  to  six  weeks.  Fifteen  beams  were  broken  by  the  fall, 
the  blow  producing  tension  in  the  upper  side.  The  older  beams 
being  in  the  rear  had  the  severest  fall.  Several  of  the  broken 
beams  were  tested,  interesting  results  being  obtained.  These  re- 
sults are'of  value  in  showing  the  abuse  which  such  beams  may  stand. 
Beam  No.  18  which  was  broken  in  the  fall  at  a  point  2^  ft.  from  the 
middle  carried  a  load  of  18000  lbs.,  the  highest  load  carried.  In 
this  test  the  loads  were  applied  at  two  points  7^  ft.  apart,  and  it 
should  be  borne  in  mind  that  between  these  two  points  no  shear 
existed  and  hence  no  diagonal  tension  was  developed.  The  loads 
held  by  the  broken  beam  and  their  action  during  tiie  test  are  to 
the  credit  of  reinforced  concrete  construction.  Broken  beams 
which  were  not  tested  or  which  showed  untrustworthiness  in  the 
tests  are  omitted  from  the  tables. 

28.  Details  of  Tests. — The  method  of  testing  followed  in  gen- 
eral the  plan  used  in  1904  tests  as  described  in  Bulletin  No.  1,  page 
9,  under  Details  of  Tests.  The  tests  were  made  on  the  200,000-lb. 
Olsen  testing  machine.  The  span  length  was  12  feet.  The  sup- 
ports at  the  end  of  the  span  rested  on  the  table  of  the  machine, 
their  bases  being  cylindrical  surfaces  of  12-inch  radius  and  their 
tops  being  curves  of  small  radius,  thus  allowing  a  rocking  action 
with  changes  in  the  length  of  the  lower  surface  of  the  beam.  For 
a  beam  loaded  at  two  points,  the  load  was  transferred  from  the 
machine  by  a  10-inch  I-beam  and  two  turned  rollers.  Iron  bear- 
ing plates  f  X  3  X  8  inches  were  placed  above  and  below  the  beam 
for  the  bearing  of  the  rollers  and  pedestals.  A  layer  of  plaster 
of  paris  was  placed  between  these  bearing  plates  and  the  beam 
to  overcome  unevenness  of   surface  and  was  allowed   to  set  un- 
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der  such  load  as  came  from  the  weight  of  beam  and  the  appa- 
ratus used  in  loading.  It  is  thought  that  this  method  of  loading 
brings  very  little  longitudinal  stress  before  an  adjustment  results. 
The  loads  were  applied  at  a  slow  speed  of  the  machine,  the 
increase  of  deflection  averaging  about  .03  in.  per  minute.  Re- 
peated loads  were  applied  at,  say,  .3  in.  per  minute  and  the  release 
was  made  at,  perhaps,  .6  in.  per  minute.  The  time  of  the  ordi- 
nary test  was  a  half  hour  to  one  hour.  Load  was  increased  by  in- 
crements of  1000  lb.,  except  when  the  loads  were  being  released 
or  reapplied  when  readings  were  taken  at  intervals  of  2000  or 
3000  lb. 

Deflections  at  the  middle  of  the  span  were  observed.  The 
deflections  were  obtained  by  means  of  a  fine  thread  stretched  at 
constant  tension  between  points  over  the  supports  and  at  the 
middle  of  the  depth  of  the  beam,  and  passing  in  front  of  a  paper 
scale  attached  to  the  side  of  the  beam  at  the  middle  of  the  span. 
The  scale  was  pasted  on  the  face  of  a  mirror  and  readings  were 
obtained  by  lining  up  the  thread  and  its  reflection.  These  read- 
ings were  accurate  to  .01  in.  The  ordinary  deflectometer  could 
not  be  used  satisfactorily  on  account  of  the  deflection  of  the  table 
of  the  machine  under  the  load  and  the  yielding  of  the  plaster  of 
paris  over  the  lower  bearing  plates.  On  j)art  of  the  tests  a  cathe- 
tometer  was  used. 

To  obtain  the  longitudinal  elongation  and  shortening  at  the 
top  and  bottom  of  the  beam  (fiber  deformations),  the  extensome- 
ter  device  shown  in  Fig.  12  was  used.  This  device  was  the  out- 
growth of  the  experience  with  the  apparatus  used  in  the  tests  of 
1904  and  which  was  described  in  Bulletin  No.  1.  The  two  yokes 
were  placed  symmetrically  with  respect  to  the  center  of  the  span 
and  generall}^  42  inches  apart.  The  upper  pair  of  contact  points 
of  a  yoke  was  applied  to  the  side  of  the  beam  at  points  one-half 
inch  below  the  top  of  the  beam,  and  the  lower  pair  at  the  level  of 
the  center  of  the  steel  reinforcement,  i.  e.,  ten  inches  below  the 
top  of  the  beam.  The  rollers  and  dials,  similar  to  those  of  the 
Johnson  extensometer,  were  attached  to  the  yoke  in  such  a  way 
that  the  middles  of  the  rollers  were  in  direct  vertical  line  with  the 
contact  points,  and  the  axes  of  the  rollers  were  at  right  angles  to 
the  plane  of  the  side  of  the  beam.  The  rollers  were  20^  inches 
apart  vertically,  the  upper  one  being  5^  inches  above  the  upper 
contact  points.     The  rollers  were  .5  in.  in  circumference,  the  dials 
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5ide    View.  End    View. 

Fig.  12.     Extensometer  Device. 

four  inches  in  diameter,  and  the  graduations  such  that  readings 
were  obtained  to  .0001  in.  The  second  yol^e  was  provided  with  a 
fixed  pin  in  a  position  corresponding  to  the  four  rollers.  Connec- 
tion was  made  between  this  pin  and  the  corresponding  roller  by  a 
horizontal  rod  which  consisted  of  a  ^-in.  brass  pipe  and  a  steel  strip 
about  9  inches  long.  A  Y-shaped  notch  at  one  end  of  the  brass 
pipe  engaged  the  pin  of  the  fixed  end.  The  steel  strip  at  the  other 
end  had  a  rounding  surface  which  rested  and  rolled  on  the  roller 
of  the  measuring  device.  The  calibration  of  the  appliance  by 
means  of  standard  screw  micrometer  showed  a  possible  error  of 
1%  in  the  extensometer  measurements.  The  extensometer  device 
was  generally  removed  before  ultimate  failure  of  the  beam  was 
reached.  This  apparatus  gave  satisfactory  results  except  that  in 
the  time  tests  the  changes  in  the  lengths  of  the  brass  rods  due  to 
variations  in  temperature  affected  the  results. 


Fig.  14.     Views  Snowma  Failure  op  Beams  Reinforced  witit 
Tool  Steel  Bars. 
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III.     Experimental  Data   and   Discussion 

29.  Outline. — Fifty-four  reinforced  concrete  beams  were 
tested.  Table  10  gives  general  data  of  the  beams.  Further  in- 
formation is  given  in  the  tables  referred  to  in  the  column  headed 
Classification.  The  methods  of  calculation  of  deformations  and 
of  position  of  neutral  axis  will  be  first  described,  followed  with 
an  explanation  of  the  load-deformation  curves,  deflection  curves, 
etc.  A  description  is  then  given  of  Tables  11  to  16  including  an  ex- 
planation of  the  classification  and  contents  of  these  tables.  The 
following  topics  are  then  taken  up :  failure  by  tension  in  steel ; 
failure  by  compression  of  concrete ;  failure  by  diagonal  tension ; 
failure  of  bond ;  effect  of  artificial  cracks  and  spaces ;  efi'ect  of 
method  of  loading ;  effect  of  repetition  of  load  ;  progressively  ap- 
plied and  released  loads;  effect  of  rest  after  release  of  load;  ef- 
fect of  retention  of  load ;  effect  of  position  of  reinforcing  bars ; 
effect  of  lean  and  abnormal  concrete  ;  effect  of  exposing  reinforc- 
ing bars;  position  of  neutral  axis  and  value  of  modulus  of  elas- 
ticity. 

30.  Calculation  of  Deformation  and  of  Position  of  Neutral 
Axis. — The  calculation  of  the  position  of  the  neutral  axis  and  of 
the  deformations  at  the  extreme  fibers  was  based  upon  the  assump- 
tion that  a  plane  section  before  bending  remains  a  plane  section 
after  bending.  This  work  was  done  graphically  from  the  observed 
readings  of  the  extensometers  and  the  position  of  the  rollers  with 
respect  to  the  beam.  The  deformation  per  unit  of  length  was  cal- 
culated by  dividing  the  total  deformation  by  the  gauged  length  or 
distance  between  corresponding  contact  points,  and  this  average 
unit-deformation  is  used  in  the  diagrams  and  tables.  In  general, 
also,  the  values  of  the  deformations  used  refer  to  the  zero  or  ini- 
tial iDOsition  of  the  beam  under  its  own  weight  and  that  of  the 
I-beam  at  the  time  the  load  was  first  applied.  In  other  words,  any 
set  which  the  beam  may  have  taken  has  not  been  considered  in 
this  calculation,  nor  has  the  effect  of  the  breaking  of  the  concrete 
in  tension. 

31.  Diagrams. — Load-deformation  curves,  deflection  curves 
and  position  of  the  neutral  axis  are  shown  in  Fig.  20  to  58  at  the 
end  of  the  text.  The  data  are  presented  in  the  same  way  as  in 
the  diagrams  given  in  Bulletin  No.  1.  The  curve  marked  "Upper 
Fiber"  represents  the  shortening  per  unit  of  length  at  the  com- 


ILLINOIS   ENGINEERING  EXPERIMENT   STATION 


TABLE  10. 
Data  on  Beams. 


Beam 

Kind  of 

Amount  of 

Per  cent  of 

Age  at 

Test 
days 

Classifica- 

No. 

Concrete 

Reinforcement 

Reinforcement 

tion 

5 

1-3-6 

4  J-in.  Round 

.98 

69 

Table  11 

11 

.98 

65 

"      11 

13 

.98 

62 

"      11 

14 

.98 

63 

"      12 

15 

.98 

63 

"      12 

16 

.98 

63 

11      -^.^ 

17 

.98 

65 

"      11 

18 

.98 

72 

"       12 

19 

.98 

63 

"       11 

20 

.98 

64 

"      11 

21 

.98 

62 

"       12 

22 

.98 

63 

"       11 

23 

U                       (( 

.98 

62 

"       11 

24 

4  f-in.  Round 

2.21 

63 

"       14 

26 

4  J-in.  Round 

.98 

64 

"       11 

27 

3  J-in.  Round 

74 

68 

"      15 

28 

4  f-in.  Round 

2.21 

60 

"      14 

29 

11           11 

2.21 

62 

"       14 

30 

4  J-in.  Round 

.98 

62 

"       12 

31 

11           11 

.98 

62 

"       11 

33 

3  |-in.  Round 

1.66 

60 

"       15 

34 

11           11 

1.66 

60 

"      15 

35 

(  3  *-in.  Round 
\2  f-in.  Round 

1.84 

60 

"      15 

36 

3  J-in.  Round 

.74 

62 

"      15 

37 

5  Hn.  Round 

1.24 

59 

"      15 

38 

r  2  |-in.  Round 
\  2  ^-in.  Round 

1.60 

57 

"      15 

39 

Abnormal 

4  h-in.  Round 

.98 

61 

"      13 

40 

1                       11 

.98 

61 

"       13 

41 

1                       11 

.98 

61 

"       13 

42 

1                       11 

.98 

62 

"       13 

43 

1                       11 

.98 

61 

"      13 

44 

11          11 

.98 

61 

"      13 

45 

1-3-6 

f  3  i-in.  Round 
\2  f-in.  Round 

1.84 

61 

"      15 

46 

5  f-in.  Round 

2.76 

61 

"      15 

47 

4  i-in.  Round 

.98 

60 

"      12 

48 

'"           " 

.98 

64 

"      16 

49 

2  f-in.  Round 

1.10 

60 

«       j7 

50 

4  |-in.  Round 

.98 

387 

"      11 

51 

3  f-in.  Round 

1.66 

«3 

"      17 

52 

11           11 

1.66 

60 

"      17 

53 

2  f-in.  Round 

1.10 

61 

"       17 

54 

4  |-in.  Round 

.98 

63 

"      16 

55 

" 

3  f-in.  Round 

1.66 

59 

11             ;^7 

56 

a 

2  f-in.  Round 

1.10 

59 

11            ;^7 

57 

11           (1 

1.10 

59 

"      17 

58 

1-2-4 

4  J-in.  Round 

.98 

59 

"      16 

59 

""           " 

.98 

59 

"      16 

60 

1-3-6 

2  f-in.  Round 

1.10 

59 

"      17 

61 

3  f-in.  Round 

1.66 

59 

,1           ;^7 

62 

2  f-in.  Round 

1.10 

59 

"      17 

63 

11           11 

1.10 

58 

"      16 

67 

<!                      (1 

1.10 

57 

11       17 

TALBOT — TESTS  OF  REINFORCED  CONCRETE  BEAMS  39 

pression  face  of  the  beam.  The  curve  marked  "Steel"  indicates 
the  elongation  per  unit  of  length  in  the  plane  of  the  reinforce- 
ment and  considers  that  the  steel  elongates  the  same  as  the  con- 
crete at  the  same  depth.  The  curve  of  deflection  has  a  separate 
scale  of  abscissas.  The  applied  load  is  here  used,  and  no  account 
is  taken  of  the  weight  of  the  beam,  which  has  already  stressed 
the  fibers  at  the  time  the  extensometers  are  read  at  zero  load,  nor 
of  the  I-beam,  etc.,  used  in  transmitting  the  load.  In  the  figures 
following,  (Fig.  56  to  58),  positions  of  the  neutral  axis  are  given  as 
ordinates  and  correspond  to  the  load  given  on  the  scale  of  abscissas. 
The  position  of  the  neutral  axis  is  given  in  per  cent  of  the  distance 
from  the  compression  face  of  the  beam  to  the  center  of  the  metal 
reinforcement.  The  detailed  record  of  the  observed  readings  of 
extensometers  and  deflection  measurements  is  so  voluminous  and 
is  covered  so  well  by  these  diagrams  that  it  does  not  seem  neces- 
sary to  reproduce  it  here. 

82.  Explanation  of  Tables  11  to  16. — The  beams  are  classified 
in  Tables  11  to  16  according  to  the  nature  of  the  reinforcement,  the 
loading  and  the  kind  of  concrete.  The  neutral  axis  is  given  as  a 
proportionate  part  of  the  distance  from  the  upper  fiber  to  the  cen- 
ter of  the  reinforcement  for  the  first  part  of  the  third  stage  as 
hereafter  discussed.  The  columns  headed  Maximum  Applied  Load 
and  Load  Considered  do  not  include  the  weight  of  the  beam  and 
the  loading  apparatus.  The  beams  weighed  about  1200  lb.  each  and 
the  loading  apparatus  for  loads  applied  at  two  points  about  300  lb. 
The  bending  moment  due  to  this,  about  25  000  in. -lb.  if  the  over- 
hang is  considered,  is  not  included  in  the  moments  used  in  cal- 
culating the  stress  in  the  steel,  since  one  use  of  these  stresses  is 
the  comparison  of  observed  and  computed  values.  The  inclusion 
of  these  weights  will  for  1%  beams  add  about  3600  lb.  per  sq.  in. 
to  the  tension  in  the  steel  calculated  from  the  resisting  moment. 
The  values  given  in  column  headed  From  Resisting  Moment  are 
calculated  by  equation  (13)  from  the  resisting  moment  due  to 
the  applied  load,  using  the  position  of  the  neutral  axis  given  in 
the  table.  The  values  given  under  From  Deformations  are  ob- 
tained by  multiplying  the  observed  unit  deformations  by  the  mod- 
ulus of  elasticity  of  steel,  30  000  000  lb.  per  sq.  in.  The  two  col- 
umns of  calculated  stresses  in  steel  are  not  exactly  comparable, 
since  there  is  included  in  the  deformations  an  amount  due  to  the 
part  of  the  weight  of   the  beam  which  was  originally  taken  by 
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TABLE  11. 

1  Per  Cent  Mild  Steel  Reinforcement. 
Loading  at  One-Third  Points. 


.2 

«-!4 

-z; 

Calculated  Stress  in 

'i< 

.h    ^ 

::3 

T3 

Steel 

6 

O    bS) 

<: 

f^d 

0) 

lb.  per  sq.  in. 

Jh 

g 

From 

From 

ia§ 

S 

d    rj2    ^ 

^11 

cS  S  B 
o  o  ;^ 

Resisting 

Deforma- 

1^     'S 

cq 

§^^ 

^ 

11000 

-^O  P, 

Moment 

tions 

L__,                TO 

5 

Continuous 

.450 

6000 

11000 

40000 

39600 

Tension 

in  steel 

11 

Continuous 

.490 

9000 

11000 

11000 

40600 

46000 

Tension 
in  steel 

13 

Progressively 
applied  and 
realeased 

.460' 

5000 

11800 

11800 

43600 

41400 

Tension 
in  steel 

16 

8000  lb.  re- 
tained 28 
hours 

.420 

4500 

11600 

11600 

41600 

48000 

Tension 
in  steel 

17 

9000  lb.  re- 
peated 10 
times 

.500 

7000 

11100 

11100 

41200 

36900 

Tension 
in  steel 
followed 
by  diag- 
onal ten- 
sion 

19 

6000  lb.  re- 
pekted  8 

.450 

6000 

10800 

10000 

36400 

Tension 

in  steel 

times,  10000 

lb.  6  times 

20^ 

Progressively 
applied  and 
released 

.445 

7000 

10200 

10000 

36200 

36900 

Diagonal 
tension 

22 

9000  lb.  re- 
;   tained  20 
hours 

.400 

■5000 

12700 

12500 

44500 

49500 

Tension 
in  steel 

23 

13  hours'  rest 
after  6000  lb., 
'9000  lb.  re- 
peated twice 

.450 

9000 

12800 

12000 

43700 

44000 

Tension 
in  steel 

26 

.5000  lb.  re- 
tained 25 
hours 

.470 

4800 

11450 

11000 

40000 

44100 

Tension 
in  steel 

31* 

15  hours'  rest 
after  8000  lb. 

.430 

11400 

11000 

39600 

41700 

Tension 
in  steel 

50t 

Continuous 

.440 

6000 

10250 

10250 

37100 

40800 

Tension 
in  steel 

*     Beam  No.  31  was  cracked  before  test. 

t  Beam  No.  50  was  loaded  up  to  2000  lb.  at  age  of  60  days  and  observations 
made  on  the  effect  of  rest;  at  the  age  of  387  days  load  was  applied  continuously ,  to 
failure. 
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tensile  stresses  and  deformations  in  the  concrete.  The  amount  of 
stress  thus  added  for  a  beam  with  1%  reinforcement  would  per- 
haps be  in  the  neighborhood  of  2000  lb.  per  sq.  in.  The  manner 
of  failure  assigned  in  the  tables  is  based  on  considerations  of  the 
appearance  of  fracture,  the  behavior  of  the  stress-deformation 
diagram,  and  other  evidence. 

33.  1%  Mild  Steel  Reinforcement.  Loading  at  One-third  Points. 
— Beams  having  .98%  reinforcement  are  here  for  convenience  called 
1%  beams.  Table  11  gives  the  results  of  the  twelve  beams  which 
were  thus  reinforced  with  mild  steel.  This  amount  of  reinforcement 
was  taken  as  representing  an  ordinary  amount  and  one  for  which 
under  usual  methods  of  loading,  failure  would  come  through  steel 
being  stressed  beyond  the  yield  point, — a  form  of  failure  which  is 
here  called  a  steel-tension  failure.  The  beams  included  under 
this  heading  had  the  bars  in  a  horizontal  position  throughout  the 
length  of  the  span.  Those  in  which  the  bars  were  bent  up  or  inclined 
toward  the  ends  of  the  beam  are  given  under  a  separate  heading. 
These  1%  beams  were  tested  in  different  ways  and  with  different 
objects  in  view, — continuous  application,  progressively  applied 
and  released  loads,  repetition  of  the  same  load,  retention  of  load 
for  a  period  of  time,  and  time  effect  after  release  of  load.  These 
phases  of  the  subject  are  treated  under  separate  headings  further 
along.  In  general  these  beams  failed  by  tension  in  steel  as  might 
be  expected  from  the  relation  of  depth,  span,  and  amount  of  rein- 
forcement. The  variation  in  the  stress  at  which  the  steel  began 
to  stretch  considerably  is  explained  by  the  variation  found  in  the 
yield  point  of  the  bars. 

34.  1%  Mild  Steel  Reinforcement.  Miscellaneous  Loading. — 
Table  12  includes  the  beams  with  1%  reinforcement  which  were 
tested  with  loads  applied  at  other  than  the  one-third  points.  The 
load  was  applied  continuously  to  failure.  The  differences  in  man- 
ner of  failure  and  in  deformations  developed  will  be  discussed 
under  Effect  of  Method  of  Loading. 

35.  1%  Mild  Steel  Reinforcement  loith  Ahio?'mal  Concrete. — 
Table  13  gives  the  results  of  six  beams  made  of  concrete  mixed 
or  proportioned,  or  built  by  other  than  the  methods  employed  gen- 
erally in  making  the  test  beams.  These  are  discussed  under  Ab- 
normal Concrete  and  Diagonal  Tension. 

36.  2.2%  Mild  Steel  Reinforcemetit.-  Table  14  gives  the  re- 
sults of  beams   having   2.2%   reinforcement   loaded   at  one-third 
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TABLE  12. 

1  Per  Cent  Mild  Steel  Reinforcement. 

Miscellaneous  Loading. 


to 

t^ 

0) 

Calculated  Stress 

d 

;2i 

6C 
P 

dat   Fi 
ible  Cra 
nds 

"ft 
ft 

<!            03 

in  Steel 
lb.  per  sq.  in. 

«      P. 

a 

j^-g    g    -^    CO    g 

From 

From 

p  0-3 

^ 

§ 

m 

05    03    p 

O  "kT'   o 

cS  5   P     5   9   P 

Si-;   ft  i-^Q   ft 
1 

Resisting 

Deforma- 

S       pR 

w 

h1 

!2; 

h1>   ft 

Moment 

tions 

14*  At  two  points 

.602 

15400 

15000 

32700 

27500 

Diagonal 

7J  ft.  apart 

tension 

15 

At  two  points 
7^  ft.  apart 

.464 

14000 

17600 

17600 

35400 

32700 

Diagonal 
tension 

18* 

A.t  two  points 
7i  ft.  apart 

.458 

18800 

18000 

36800 

39000 

Diagonal 
tension 

21 

At  middle 

.420 

5000 

9800 

9500 

51200 

47000 

Tension 
in  steel 

30 

At  middle 

.430 

5000 

8000 

7000 

37900 

31800 

Tension 
in  steel 

47 

At  eight  p'nts 

.440 

8000 

13000 

13000 

47100 

37200 

Tension 
in  steel 

*    Beams  No.  14  and  18  were  cracked  before  test. 


TABLE  13. 

1  Per  Cent  Mild  Steel  Reinforcement. 

Abnormal  Concrete. 

Loads  Applied  Continuously  at  One-Third  Points. 


CO 

£2 

Calculated  Stress 

6 

Kind  of 
Concrete 

p 

.i2  cs 

"JS'OJ    OQ 

95  02  S 
O  • -^   o 

[ax.  Appli 

oad 

ounds 

oad 

onsidered 

onnds 

in  Steel 
lb.  per  sq.  in. 

3 

From 

Resisting 

From 
Deforma- 

Mann 
of 
Failur 

oq 

|Zi 

^>  ft 

^^--l  ft 

^O  ft 

Moment 

tions 

39 

Poorly  mixed 

.423 

7000 

7000 

6000 

21500 

20700 

Diagonal 
tension 

40 

Poorly  mixed 

.490 

8800 

8800 

8000 

29500 

30900 

Diagonal 
tension 

41 

Lean  concrete 
at  bottom 

.390 

8800 

8800 

8800 

31200 

27900 

Diagonal 
tension 

42 

Lean  concrete 
at  bottom 

.520 

6000 

6000 

6000 

22400 

19200 

Diagonal 
tension 

43 

Plane  of  set 
1  in.  from 
bottom 

.390 

9100 

9300 

9000 

31900 

37800 

Tension 
in  steel 

44 

Plane  of  set 
5  5  in.  from 
bottom 

.404 

8000 

9400 

9000 

32000 

41400 

Diagonal 
tension 
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points.  The  amounts  of  the  loads  at  time  of  release  are  given  in 
the  text  of  the  discussion  farther  on  and  are  also  shown  in  the 
load-deformation  diagrams  of  these  beams. 

TABLE  14. 

2.21  Per  Cent  Mild  Steel  Reinforcement. 

Loading  at  One-Third  Points. 


03 

73 
05 

Calculated  Stress 

d 

Method  of 

Applying 

Load 

< 

T 

d  at  Fir 
ble  Cra 

nds 

'Eh 

Ph 

_  ^ 

d 

sidered 

nds 

in  Steel 
lb.  per  sq.  in. 

^ 

From 

From 

anne 
of 
ailurt 

o 

s> 

^    02    S 

^  9  o 

c3   P   3 
O   O   o 

Resisting 

Deforma- 

m 

!^ 

8000 

Sh-I    Ph 

^O  p. 

Moment 

tions 

S     ^ 

24 

Progressively 

.516 

15600 

15600 

25800 

25500 

Diagonal 

applied   and 

tension 

released 

28 

Progressively 

.610 

7000 

14300 

14000 

24200 

29400 

Diagonal 

applied    and 

tension 

released 

29 

12000  lb.  re- 
peated 15 
times 

.605 

10000 

15900 

15000 

25900 

30000 

Diagonal 
crack  fol- 
lowed by 
compres- 

sion 

TABLE  15. 

Miscellaneous  Mild  Steel  Reinforcement. 
Load  Applied  Continuously  at  One-Third  Points. 


fl 

03 

Calculated  stress 

d 

0)  -tJ 

fl  a 

8§' 

< 

"Ph 
Ph 
■^        oa 

S  =^  S 

u 

in  steel 
lb.  per  sq.  in. 

Manner 

of 
Failure 

a 

t 
-M 

T3"g  p 

From 

From 

a> 

%'B 

0) 

CS     GO     US 

??  s  ^ 

O   O   O 

Resisting 

Deforma- 

m 

^^ 

12; 

1-1  ;>  p,j^^-i  p. 

^O  P, 

Moment 

tions 

27* 

.74 

.380 

5000 

8000 

8000 

37400 

44100 

Tension  in  steel 

36t 

.74 

.410 

6000 

7400 

7000 

33100 

36000 

Tension  in  steel 

37 

1.23 

.470 

8000 

13000 

12000 

35000 

36000 

Tension  in  steel 

38 

1.60 

.501 

7000 

13950 

13000 

29500 

35400 

Diagonal  tension 

33 

1.66 

.505 

10000 

14400 

14000 

30600 

30000 

Diagonal  tension 

34 

1.66 

.374 

12800 

12800 

12000 

24900 

37200 

Diagonal  tension 

451 

1.84 

.606 

12400 

12400 

25600 

27200 

Diagonal  tension 

35 

1.84 

.552 

10000 

15000 

14000 

28300 

30000 

Tension  in  steel 

46 

2.76 

.680 

10000 

15200 

15000 

21400 

26400 

Compression  in 

concrete 

*    Beam  No.  27  was  tested  for  effect  of  rest  after ,  a  load  of  6000  lb.    had 
been  applied. 

t    A  load  of  6000  lb.  was  retained  22  hours. 
X    Beam  No.  45  was  cracked  before  test. 
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37.  Miscellaneous  Reinforcement  ivith  Mild  Steel.  —  Table  15 
includes  beams  made  with  a  variety  of  j)ercentages  of  reinforce- 
ment. These  are  discussed  under  Failure  by  Tension  in  Steel, 
Failure  by  Compression  of  Concrete,  Failure  by  Diagonal  Tension, 
Effect  of  Repetition  of  Load,  and  Progressively  Applied  and  Re- 
leased Loading. 

38.  Beams  with  Rods  Bent  out  of  Horizontal.— Td^Aa  16  gives 
five  beams  in  which  the  reinforcing  rods  were  bent  into  a  para- 
bolic or  trapezoidal  form,  as  shown  in  Fig.  15.     It  is  evident  from 

TABLE  16. 
Beams  with  Rods  Bent  out  op  Horizontal. 

1  PEE  CENT   EeINPOKCEMENT. 

Loads  Applied  Continuously. 


d 

c3 

Loading 

03 
1^ 

ad  at  First 
sible  Crack 
unds 

ax.  Applied 

ad 

unds 

^    S    3 

Calculated  Stress  in  Steel 
lb.  per  sq.  in. 

From 
Resisting 

From 
Deforma- 

iol 

m 

^ 

or  o  ^  ^  o 

1-1  f>   Ph  f^M    Ph 

O   O   o 

Moment 

tions 

s  ^ 

48 

At  one-third 
points 

.440 

6000 

9300 

9000 

32500 

37800 

Tension 
in  steel 

54 

At  middle 

.445 

6000 

6600 

6000 

32600 

30600 

Tension 
in  steel 

58 

At  one-third 
points 

.374 

4000 

8900 

8000 

28200 

Tension 
in  steel 

59 

At  one-third 
points 

.360 

4000 

7900 

7900 

27600 

36000 

Tension 
in  steel 

68* 

At  one-third 

.410 

4000 

7400 

7000 

25000 

30000 

Tension 

points 

in  steel 

*    Beam  No.  63  had  1.10^  reinforcement. 

the  results  of  the  tests  that  the  bending  of  these  rods  should  com- 
mence at  points  nearer  the  ends  of  the  beam  and  that  some  of  the 
rods  should  remain  horizontal.  This  is  discussed  under  Effect  of 
Position  of  Reinforcing  Bars. 

39.  Tool  Steel  Reinforcement. — Table  17  gives  eleven  beams 
which  were  reinforced  with  round  rods  of  tool  steel  f-inch  in  dia- 
meter having  an  elastic  limit  of  52  000  lb.  per  sq.  in.  These  were 
used  to  find  the  effect  of  high  elastic  limit  metal.  Owing  to  the 
extremely  smooth  surface  and  uniform  cross-section  of  this  steel, 
these  beams  did  not  develop  as  much  strength  as  those  reinforced 
with  mild  steel,  the  tensile  stress  developed  being  well  below  the 
elastic  limit  of  the  material.     The  beams  failed  by  slipping  of  the 


TALBOT  — TESTS  OF  REINFORCED  CONCRETE  BEAMS  45 

rods,  followed  by  vertical  and  longitudinal  cracks.  The  form  of 
failure  is  so  marked  and  the  conditions  are  so  unusual,  however, 
that  the  results  may  prove  of  more  value  than  if  the  beams  had 
broken  in  the  manner  which  might  otherwise  be  expected.  The 
discussion  of  these  tests  will  be  taken  up  under  Failure  of  Bond. 

40;.  Failure  l)y  Tension  in  Steel. — As  shown  in  Table  11,  all  the 
1%  beams  which  were  loaded  at  the  one-third  points  except  Beam 
No.  20  failed  by  tension  in  steel,  i.  e.,  by  a  primary  failure  (soon 
followed  by  the  ultimate  failure  of  the  beam)  which  came  when 
the  steel  was  stretched  beyond  its  yield  point  and  without  any 
other  sign  of  failure  appearing  until  the  greatly  increased  stretch 
of  the  steel  beyond  the  yield  point  brought  entirely  new  condi- 
tions into  action.  Unfortunately,  the  steel  used  was  quite  variable 
in  elastic  limit,  tests  made  afterward  showing  that  |-in.  bars  in 
the  same  beam  gave  yield  points  at  about  83  000  and  45  000  lb.  per 
sq.  in.,  and  hence  the  breaking  values  of  the  beams  are  not  as  uni- 
form as  would  otherwise  be  the  case.  Evidently,  tw^o  lots  of  barL 
must  have  become  mixed  in  shipj)ing.  The  yield  point  of  the  f-in. 
bars  was  28  000  lb.  per  sq.  in.  However,  it  is  evident  from  the 
results  that  beams  made  of  1-3-6  concrete- of  the  quality  here  used, 
reinforced  with  1%  of  mild  steel  may  be  expected  to  fail  by  ten- 
sion, unless,  of  course,  the  relation  of  depth  to  length  of  span  is 
such  that  failure  by  diagonal  tension  occurs.  For  beams  failing 
by  tensioii  in  steel,  the  resisting  moment  of  the  beam  may  well 
be  calculated  by  multiplying  the  total  stress  permitted  in  the 
steel  by  the  distance  from  the  center  of  the  steel  to  che  center  of 
gravity  of  the  compression  area  of  the  concrete.  Of  the  beams  in 
Table  15  having  more  than  1%  reinforcement,  Beam  No.  37  (1.24% 
reinforcement)  and  No.  35  (1.84%)  failed  by  tension  in  steel,  and 
No.  46  (2.76%)  failed  by  compression  of  the  concrete.  No.  38 
(1.60%),  No.  33  (1.66%),  No.  ^34  (1.66%),  and  No.  45  (1.84%) 
failed  by  diagonal  tension  in  concrete  before  the  elastic  limit  of 
the  steel  was  reached  and  before  the  full  compressive  strength  of 
the  concrete  had  a  chance  to  develop.  The  same  is  true  of  the 
beams  in  Table  14.  The  beams  in  Table  16  failed  by  tension  in 
steel.  It  seems  evident,  therefore,  as  noted  in  the  next  paragraph, 
that  the  conclusion  given  in  Bulletin  No.  1,  that  beams  made  of 
1-3-6  concrete  of  good  quality  reinforced  with  1.5%  of  steel  of 
say  33  000  lb.  per  sq.  in.  elastic  limit  will  fail  by  steel-tension,  is 
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correct  provided  the  dimensions  of  the  beam  are  such  that  the 
failure  is  not  by  diagonal  tension. 

41.  Failure  hy  Compression  of  Concrete. — None  of  the  beams 
failed  primarily  through  the  development  of  the  ultimate  com- 
pressive strength  of  the  concrete  except  No,  46,  which  had  2.76% 
reinforcement.  Some  of  them,  of  course,  crushed  at  the  top  with 
the  rapid  rise  in  the  neutral  axis  after  the  steel  had  passed  the 
yield  point,  but  this  must  not  be  considered  a  compression  failure. 
The  beams  having  a  large  enough  reinforcement  of  mild  steel  to 
counterbalance  the  compressive  strength  of  the  concrete  gave 
diagonal  tension  failures  before  the  full  compressive  strength  of 
the  concrete  was  reached.  However,  the  load-deformation  dia- 
grams and  computations  of  the  compressive  stresses  throw  some 
light  on  the  effect  of  the  larger  reinforcement.     The  load-defor- 

TABLE  17 

Tool  Steel  Reinforcement. 

Loads  Applied  at  One-Third  Points. 


Beam 

No. 


49 

53 

56* 

57 

60t 

.62 

67 

51* 

52 

55 

61 


0)    IS 


^ 


[V,    !-i 


1.10 

.430 

1.10 

.510 

1.10 

1.10 

.472 

1.10 

.380 

1.10 

.480 

1.10 

.381 

1.66 

.500 

1.66 

.520 

1.66 

.590 

1.66 

.481 

9000 
6000 

2666 
6000 
2000 
6000 
5000 
6000 
8000 
5000 


a, 

<j         CO 

s3a 


11300 

8000 

860 

7350 

13200 
8100 
8600 

11800 

15000 
9950 
6600 


O  O  o 


Calculated  Stress  in  Steel 
lb.  per  sq.  in. 


From 
Resisting 
Moment 


11000 
8000 

'7666 

13000 

8000 

8000 

11000 

15000 

9950 

6600 


35400 
26600 

22900 
23500 
26300 
25200 
24100 
33100 
22600 
14300 


From 
Deforma- 
tions 


37800 
29700 


28600 
27000 
22500 
27500 
32400 
40800 
21000 
16200 


Manner 

of 
Failure 


Bond 
Bond 
Bond 
Bond 
Bond 
Bond 
Bond 
Bond 
Bond 
Bond 
Bond 


*     Beam  was   cracked   before   test.     In  Beam  No.  56  reinforcing  bars   were 
wrapped  in  oiled  tissue  paper. 

t    Beam  No.  60  was  loaded  at  two  points  Tk  ft.  apart. 

mation  curve  for  the  upper  fiber  shows  no  change  of  direction  up 
to  a  unit  shortening  of  .0010  and  .0012  in  beams  where  the  defor- 
mation reached  this  amount.  In  Beams  No.  28  and  29  (Table  14) 
in  which  the  unit  shortening  curves  went  to  the  highest  values,  the 
concrete  did  not  show  sign  of  failure  when  the  unit-deformation 
reached  .0020  and  .0026.  In  Beam  No.  26,  the  deformation  at  upper 
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fiber  at  maximum  load  was  .0026.  A  study  of  these  curves  in  con- 
nection with  the  amount  of  reinforcement  used  shows  that  these 
tests  confirm  the  conclusions  reached  in  Bulletin  No.  1,  that  with 
1-3-6  concrete  of  the  quality  here  used,  a  reinforcement  of  1.5% 
of  steel  of  an  elastic  limit  of  say  33  000  lb.  per  sq.  in.,  will  not  de- 
velop the  full  compressive  strength  of  the  concrete.  This  conclu- 
sion of  course  is  independent  of  whether  the  diagonal  tensile 
strength  of  the  beam  is  large  enough  to  resist  that  method  of  fail- 
ure. A  calculation  of  the  compressive  stress  developed  with  1.5% 
reinforcement  of  33  000  lb.  per  sq.  in.  metal,  based  upon  equation 
(15)  using  2  000  000  lb.  per  sq.  in.  for  the  modulus  of  elasticity 
and  g  =  .6,  gives  1600  lb.  per  sq.  in.  A  comparison  of  the  deforma- 
tions with  the  ultimate  deformations  of  the  concrete  cylinders 
tested  indicates  that  this  value  is  about  80%  of  the  ultimate  com- 
pressive strength  of  this  concrete. 

42,  Failure  hy  Diagonal  Tension  in  Concrete. — As  noted  in  the 
statement  made  on  page  25,  it  is  believed  that  the  shearing 
strength  of  concrete  is  great  enough  to  resist  any  shearing  stresses 
which  come  on  beams  of  ordinary  dimensions.  What  are  frequently 
called  diagonal  shearing  failures  are  really  diagonal  tension  fail- 
ures. Since  the  actual  amount  of  the  diagonal  tensile  stress  can 
not  be  calculated  without  knowing  the  horizontal  tensile  stress 
developed  in  the  concrete  at  the  same  place,  it  may  be  best  to 
make  comparisons  through  the  medium  of  the  horizontal  and  ver- 
tical shearing  stresses,  as  given  by  equation  (18).  The  amount 
of  the  diagonal  tensile  unit-stress  may  under  some  circumstances 
be  two  or  more  times  as  much  as  the  vertical  shearing  unit- 
stress,  as  may  be  seen  by  a  study  of  equation  (19).  Perhaps  in 
the  beams  under  consideration  the  maximum  diagonal  tensile 
stress  may  be  considered  to  be  in  the  neighborhood  of  two  and  a  half 
times  the  vertical  shearing  stress.  Bearing  this  in  mind,  we  may 
use  the  value  of  the  vertical  shearing  unit-stress  as  calculated  by 

Y 
the  formula  v  =  r^n   (where  cV  is  the  distance  from  the  center  of 
od 

the  steel  to  the  center  of  gravity  of  the  compressive  stresses  in 
the  concrete)  for  making  comparisons  of  the  diagonal  tensile 
stresses  developed.  Table  18  gives  the  calculated  values  of  the 
vertical  shearing  unit-stresses  developed  in  beams  which  gave 
diagonal  tension  failures,  as  calculated  by  the  above  formula. 
The  highest  value  is  151  lb.  per  sq.  in.  for   Beam  18  which  failed 
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under  an  applied  load  of  18  800  lb.  Evidently  the  diagonal  tensile 
stress  developed  in  this  beam  was  between  300  and  400  lb.  per  sq. 
in.  The  lowest  values  for  normal  concrete  were  Beam  No.  34  which 
failed  with  v  =  104  lb.  per  sq.  in.  and  No.  20  with  86  lb  per  sq.  in. 
The  average  value  for  failures  of  this  type  was  v  =  123  lb.  per 
sq.  in.  Beam  No.  20  gave  especially  low  results.  Of  the  beams 
not  failing  by  diagonal  tension,  two  developed  a  vertical  shearing 
stress  of  123  lb.  per  sq.  in.,  and  four  reached  100  lb.  per  sq.  in. 
None  of  these  beams,  then,  developed  a  stress  higher  than  the 
average  given  above. 

It  should  be  borne  in  mind  that  these  results  are  with  1-3-6 
concrete,  that  the  bars  were  laid  horizontally  throughout  the 
length  of  the  beam,  and  that  there  was  no  vertical  or  diagonal 
steel  reinforcement  used. 

TABLE  18 

Values  of  Vertical    Shearing  Stress  and  Bond  Developed  in  Beams  Failing 

BY  Diagonal  Tension. 


Vertical  Shearing 

Bond 

Stress 

lb.  per  sq.  in.  of 

Beam 

No. 

lb.  per  sq.  in. 
V 

surface  of  bars 
V 

Eemarks  * 

""-  M' 

^'  "  mod' 

14 

133 

170 

Loaded  at  two  points  7^  ft.  apart 

15 

143 

182 

Loaded  at  tvs^o  points  1^  ft.  apart 

18 

151 

193 

Loaded  at  two  points  1\  ft.  apart 

20 

86 

109 

24 

130 

110 

2.21^  mild  steel  reinforcement 

28 

•  124 

106 

2.21^  mild  steel  reinforcement 

29 

137 

117 

2.2]^  mild  steel  reinforcement 

33 

120 

135 

1.66^  mild  steel  reinforcement 

34 

104 

116 

1.66^  mild  steel  reinforcement 

38 

117 

143 

1.60^  mild  steel  reinforcement 

45 

109 

112 

1.84^  mild  steel  reinforcement 

Av. 

123 

136 

39 

62 

80 

Abnormal  concrete 

40 

78 

100 

Abnormal  concrete 

41 

75 

95 

Abnormal  concrete 

42 

57 

73 

Abnormal  concrete 

44 

80 

101 

Abnormal  concrete 

Av. 

70 

90 

*    Unless  otherwise  stated,  all  beams  in  this  table  were  of  Vfo  mild  steel  rein- 
forcement, loaded  at  one-third  points. 

The  so-called  abnormal  concrete  gave  lower  results.  Beams  No. 
39  and  40,  made  of  concrete  which  was  unevenly  and  insufficiently 
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mixed,  broke  at  -y  =66  and  78  lb.  per  sq.  in.  Beams  No.  41  and 
42,  made  with  the  lean  mixture  (1-6-12)  at  the  bottom,  broke  at 
•y  =  75  and  57  lb.  per  sq.  in.,  respectively.  Beam  No.  43,  made 
with  a  "plane  of  set"  above  the  bars,  did  not  fail  by  diagonal  ten- 
sion, but  Beam  No.  44  broke  at  80  lb.  per  sq.  in. 

It  seems  apparent  from  these  tests  that  the  richness  and  the  ten- 
sile strength  of  the  concrete  enter  into  the  diagonal  tensile  strength 
of  a  beam  in  a  way  not  usually  recognized  and  that  for  beams  hav- 
ing a  short  length  in  comparison  with  the  depth  it  may  be  the  con- 
trolling element  of  strength,  unless,  of  course,  some  metallic  form 
of  web  reinforcement  is  used. 

43.  Failtire  of  Bond. — Failure  of  the  bond  between  the  re- 
inforcing rods  and  the  concrete  is  difficult  to  detect.  The  fact 
that  a  rod  has  been  found  after  failure  of  the  beam  to  have  slipped 
is  not  evidence  that  slipping  occurred  before  failure  began 
and  hence  was  the  primary  cause  of  failure.  In  some  instances 
reported  as  failure  by  slipping,  the  slipping  evidently  occurred 
as  a  consequence  of  the  new  conditions  brought  into  play  by  what- 
ever was  the  primary  cause  of  failure,  and  slipping  may  not  be 
considered  the  primary  failure. 

The  smooth  and  almost  polished  surface  and  uniform  cross- 
section  of  the  tool  steel  used  in  eleven  beams  gave  an  opportunity 
to  study  failure  of  bond  or  slip  of  bars.  These  bars  were  f-in. 
round  tool  steel  of  about  52  000  lb.  per  sq.  in.  elastic  limit,  bought 
of  the  Crescent  Steel  Co,  The  surface  of  these  bars  was  dense  and 
smooth,  the  finishing  work  leaving  the  surface  almost  like  a 
glaze.  The  cross-section  of  the  rods  was  very  nearly  uniform; 
for  example,  measurement  of  the  diameter  of  a  rod  taken  at  inter- 
vals of  i  inch  were  as  follows:  .7590,  .7590,  .7590,  7588,  .7589, 
.7589  in.  Measurements  of  mild  steel  rods  taken  at  two  points  \ 
inch  apart  will  vary  as  much  as  .0015  in. 

All  these  beams  failed  by  bond  of  steel  and  concrete  or  slip- 
ping of  the  bars.  Fig.  13  shows  their  appearance  after  failure. 
In  this  figure,  the  numbers  for  Beams  No.  52  and  53  should  be 
transposed.     Table  19  gives  the  bond    developed  in  lb.  per  sq.  in. 

at  the  time  of  failure,  as  calculated  by  equation   (17)  ti  =  — — %,  , 

and  also  the  vertical  shearing  stress  developed  with  the  same  load. 
The  weight  of  the  beam  and  loading  apparatus  is  included  in  these 
calculations.     Beam  No.  49  failed  suddenlv.     The  failure  shows  a 


50 


ILLINOIS    ENGINEERING    EXPERIMENT    STATION 


nearly  vertical  crack  with  a  horizontal  crack  extending  along  the 
plane  of  the  reinforcement  toward  the  support.  Fig.  14  is  from  a 
photograph.  It  seems  likely  that  slipping  occurred  from  the  end 
of  the  rods  to  the  vertical  crack  and  also  that  the  horizontal  crack 
developed  at  the  time  of  slipping  and  in  connection  with  the  ver- 
tical tension  coming  on  the  rod.  The  bond  stress  developed,  161 
lb.  per  sq.  in.  of   surface  of  bar,  is   the   largest  except  one  devel- 

TABLE  19 

Values  of  Vertical  Shearing  Stress  and  Bond  Developed  in 
Beams  Reinforced  with  Tool  Steel. 


Vertical 

Bond 

Shearing  Stress 

lb.  per  sq.  in. 

Beam 

No. 

lb.  per  sq.  in. 

of  surface  of  bar 
V 

Remarks  * 

^=6^ 

^  ~  mod' 

49 

95 

161 

1.10^  reinforcement 

53 

72 

123 

1.10^  reinforcement 

57 

66 

112 

1.10^  reinforcement 

60 

107 

181 

1.10^  reinforcement 

62 

73 

124 

1.10^  reinforcement 

61 

73 

124 

1.10^  reinforcement 

51 

101 

114 

1.66^  reinforcement 

52 

126 

143 

1,66^  reinforcement 

55 

107 

120 

1.66^  reinforcement 

Av. 

91 

133 

61t 

61 

69 

1.66^  reinforcement 

56 

1.10^  reinforcement 

*    See  Table  17  for  additional  notes. 

t     Beam  No.  61  had  artificial  cracks  outside  of  the  load  points. 

oped  in  this  series.  The  vertical  crack  was  closer  to  the  support 
than  was  the  case  with  the  other  beams.  The  record  of  Beam  No. 
60  is  not  definite  enough  to  give  the  exact  conditions  of  failure.  It 
developed  the  highest  bond  stress  of  the  tool  steel  series,  181  lb. 
per  sq.  in.  Probably  the  slipping  and  consequent  failure  were 
sudden.  The  fact  that  the  loads  were  closer  to  the  supports  than 
in  the  other  beams  may  have  a  bearing  on  the  high  value  devel- 
oped. It  seems  probable  also  that  the  additional  anchorage  of  3 
inches  of  rod  which  in  all  the  beams  projected  beyond  the  point 
of  support  would  act  to  raise  the  calculated  bond  stress  for  beams 
in  which  slipping  occurred  from  the  ends. 

Eight  beams  may  be  described  as   slipping  and  failing  gradu- 
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ally.  At  a  load  of  75%  to  95%  of  the  maximum,  a  crack,  vertical 
or  nearly  vertical  in  position,  appeared  between  the  load  point 
and  the  support  and  not  very  far  from  the  former,  and  gradually 
increased  in  height  until  the  maximum  load  was  reached.  The 
load  then  fell  off,  and  this  crack  grew  until  suddenly  failure  oc- 
curred at  a  load  from  1000  to  4000  lb.,  less  than  the  maximum.  In 
Beam  No.  52  the  critical  crack  appeared  at  13000  lb.,  87%  of  the 
maximum  load.  The  direction  and  position  of  the  critical  crack 
are  indications  that  slipping  of  the  rods  was  the  primary  cause 
of  failure.     The  cracks  shown  in  Fig.  18  and  in  Fig.  14  are  as  they 

L 


==1 


Beam  No .49 


3eamNo.55 


L-A__. 


deam  No.5l 


3eam  No.57 


=£ 


3ea/77  A/0.52 


3ean7  No.  6  7 


3eam  No.  53 


Beam  No.  6Z 


Fig.  13. 


Sketch  Showing  Failure  of  Beams  Reinforced  with  Tool 
Steel  Bars. 


appeared  near  the  time  of  final  failure.  At  first  appearance 
only  the  vertical  portion  showed.  It  seems  likely  that  this  slip- 
ping occurred  from  the  crack  to  a  point  under  the  load,  there  be- 
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ing  no  shear  and  hence  no  bond  stress  on  the  portion  of  the  beam 
between  the  two  loads.  The  calculated  bond  stress  at  maximum 
loads  for  these  beams  ranged  from  114  to  143  lb.  per  sq.  in.  Bond 
tests  made  with  this  tool  steel  by  Mr.  Kirk,  the  rods  being  im- 
bedded 6  inches  in  the  concrete,  gave  values  of  153,  147,  154,  and 
141  lb.  per  sq.  in.  of  surface,  averaging  149  lb.  per  sq.  in.  It  may 
be  noted  that  at  the  first  appearance  of  the  critical  crack  in  these 
eight  beams,  the  bond  stress  developed  ranged  from  90  to  125  lb. 
per  sq.  in.  The  position  of  the  critical  crack  and  the  manner  of 
failure  in  this  group  of  beams  are  materially  different  from  the 
conditions  accompanying  diagonal  tension  failures.  It  must  not 
be  overlooked,  however,  that  the  presence  of  this  initial  crack 
does  weaken  the  resistance  of  the  beam  to  diagonal  tension,  and 
thus  increases  the  web  stresses  above  the  crack  and  also  the  ver- 
tical tension  transmitted  from  the  rod  just  beyond  the  crack, 
which  together  cause  the  final  failure  to  be  of  the  form  shown. 

Beam  No.  61,  (Fig.  14)  is  interesting  as  showing  the  effect  of 
artificial  cracks  in  a  part  of  the  beam  where  vertical  shear  exists. 
In  making  the  beam,  strips  of  tin  covered  with  paper  were  placed 
in  the  beam  forming  vertical  cracks  running  from  the  reinforcing 
rods  four  inches  in  height.  In  this  beam  there  were  thirteen  of  these 
cracks  8  inches  apart,  six  of  them  being  outside  of  the  load  points. 
Failure  occurred  m  a  crack  16  inches  outside  of  a  load  point  in  a 
manner  quite  similar  to  that  described  in  the  preceding  paragraph. 
The  crack  showed  at  the  bottom  of  the  beam  at  a  load  of  5000  lb. 
and  extended  to  within  3  inches  of  top  of  beam  at  the  maximum 
applied  load  of  6600  lb.  The  load  fell  off,  the  crack  extended, 
and  final  failure  occurred  at  a  lower  load.  The  value  of  the 
bond  stress  developed  was  69  lb.  per  sq.  in.  Mortar  below  the 
rods  was  not  broken  except  at  these  artificial  cracks.  This  is  low- 
er than  found  in  the  other  beams,  but  it  must  be  remembered 
that  the  presence  of  the  vertical  artificial  crack  gave  a  different 
distribution  of  web  stresses  from  the  beginning. 

The  failures  here  discussed  indicate  that  there  are  two  types 
of  failure  of  bond.  1.  Slip  from  the  direction  of  the  middle  of  the 
span,  with  a  slowly  developing  crack  slightly  inclined  from  the  ver- 
tical which  extends  upward  as  the  load  is  increased  to  the  maxi- 
mum load,  growing  still  more  as  the  test  is  continued  at  a  dropping 
load,  and  finally  breaking  by  splitting  below  and  cracking  di- 
agonally above.     2.  Slip  from  the  end  of  the  beam  and  a  sudden 
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failure  at  maximum  load  by  the  formation  of  a  crack  slightly  in- 
clined from  the  vertical  and  near  to  the  support  together  with  ac- 
companying splitting  and  diagonal  cracking  to  the  top  of  the  beam* 
The  characteristic  of  the  first  is  slow  failure  along  a  crack  which 
is  nearly  vertical  and  which  gradually  grows  with  increasing 
load,  and  of  the  latter  a  sudden  failure  through  a  crack  in  a  nearly 
vertical  position  not  visible  until  time  of  failure  is  reached.  It  is 
likely  that  both  are  variations  of  a  single  form  of  failure,  the  former 
appearing  when  the  vertical  tensile  strength  of  the  concrete  is 
exceeded.  In  failures  by  diagonal  tension,  the  cracks  formed  are 
inclined  more  from  the  vertical  than  are  these  cracks.  Again, 
attention  should  be  called  to  the  fact  that  the  rods  were  laid  hor- 
izontally and  that  there  was  no  vertical  or  diagonal  steel  rein- 
forcement used.  It  may  be  added  that  in  none  of  the  beams  made 
with  mild  steel  bars  placed  horizontally  was  there  any  evidence 
of  slip  of  bar,  and  Beam  No.  18  developed  193  lb.  per  sq.  in.  bond 
stress.     (Table  18.) 

An  effort  was  made  to  discover  whether  bond  is  affected  by 
grip  of  the  concrete  as  distinguished  from  adhesion.  In  Beam 
No.  56  the  rods  were  wrapped  in  thin  oiled  paper.  Unfortunately, 
in  the  accident  before  described  this  beam  was  broken  in  two,  and 
it  seems  likely  that  any  bond  which  existed  was  greatly  disturbed. 
Bond  tests  made  with  the  same  steel  wrapped  in  paper  in  the 
same  way  gave  60  and  56  lb.  per  sq.  in.  of  surface,  so  that  it  may 
be  expected  that  if  the  beam  had  not  been  injured  the  load  car- 
ried would  have  been  higher. 

44.  EiTect  of  Artificial  Vertical  Cracks  and  Spaces. — In  Beams 
No.  51  and  52  artificial  vertical  cracks  were  formed  as  in  No.  61 
except  that  there  were  only  five  cracks  and  these  were  placed  be- 
tween the  load  points  where  the  shear  is  zero.  Outside  the  load 
points  the  beam  then  acted  as  a  normal  beam.  Another  point  of 
difference  was  that  these  cracks  extended  to  the  bottom  of  the 
beam.  A  comparison  of  the  deformations  with  those  with  normal 
beams  shows  little  difference,  a  result  which  was  to  be  expected 
if  the  tensile  strength  of  the  concrete  in  a  horizontal  direction  is 
not  to  be  relied  on. 

Another  variation  consisted  in  cutting  out  a  space  24  inches 
long  and  5  inches  high  across  the  full  width  of  the  beam, — thus 
leaving  the  rods  exposed,  as  was  done  in  Beams  No.  49  and  52,  Fig. 
16,  Art.  52.     Beam  No.  62  was  similar,  the  portion  cut  away  being 
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16  inches  long  and^S  inches  high.  Although  cracks  appeared  at  the 
corners  of  these  spaces,  failure  occurred  outside  of  the  load  points, 
and  the  cutting  out  of  these  spaces  apparently  was  not  a  source  of 
weakness.  A  discussion  of  the  deformations  observed  on  the  ex- 
posed bars  will  be  given  under  Effect  of  Exi30sing  Reinforcing  Bars. 

45.  Effect  of  Method  of  Loading.  — Go\'\s,\dievdi\Ae  interest  has 
been  manifested  by  engineers  in  the  effect  of  method  of  loading 
test  beams.  The  opinion  has  been  advanced  that  a  uniformly 
distributed  load  will  allow  a  higher  moment  of  resistance  to  be 
developed,  and  cases  of  tests  with  loads  formed  of  sacks  of 
sand  or  bars  of  iron  have  been  cited  in  supiDort  of  this.  On  the 
other  hand  the  moment  of  resistance  developed  in  beams  loaded 
at  the  middle  has  been  found  to  be  higher  than  was  to  be  expect- 
ed if  the  distribution  of  stress  is  as  assumed  in  the  ordinary  theo- 
ry of  flexure.  A  few  beams  were  tested  with  the  view  of  finding 
out  something  concerning  the  effect  of  changing  the  point  of  ap- 
plication of  loads. 

These  beams  had  1%  reinforcement  (Tables  11  and  12).  No.  5 
and  No.  11  were  loaded  at  the  one-third  points.  No.  21  and  No. 
30  were  loaded  at  the  middle  of  the  span  (concentrated  load). 
No.  47  was  loaded  at  eight  points  1^  feet  apart,  the  load  being 
divided  equally  among  these  eight  points.  In  No.  14,  15,  and  18, 
the  load  was  applied  equallj^  at  two  points  7^  feet  apart.  The 
behavior  of  the  beams  which  were  loaded  at  the  one-third  points 
was  of  course  similar  to  what  has  already  been  described.  In  the 
beams  loaded  at  the  middle,  cracks  appeared  under  the  load  on  the 
tension  side  early  in  the  test  and  extended  vertically  higher  until 
within  3  and  4  inches  of  the  top  of  the  beam  at  the  maximum  load. 
As  was  to  be  expected  these  beams  gave  steel-tension  failures. 
No.  47,  loaded  at  eight  points,  failed  at  the  middle  by  steel-ten- 
sion, the  crack  at  the  middle  of  the  span  finally  extending  ver- 
tically to  within  2  inches  of  the  top  of  the  beam.  Fig.  32  gives 
its  load-deformation  diagram.  The  beams  which  were  loaded  at 
two  points  1\  feet  apart  failed  by  diagonal  tension  in  the  concrete 
at  the  highest  loads  carried  by  any  of  the  standard  size  of  beams 
tested  and  hence  developed  tlie  highest  vertical  and  horizontal 
shearing  unit-stress.  In  general,  then,  it  may  be  said  that  all  of 
these  beams  failed  in  the  manner  which  would  have  been  pre- 
dicted. 

The  moment  of  resistance  developed  in  the  beams  which  were 


TALBOT  — TESTS  OF  REINFORCED    CONCRETE  BEAMS  55 

loaded  at  the  middle,  as  calculated  from  the  maximum  loads  by 
the  usual  formulas,  was  higher  than  that  developed  by  the  other 
methods  of  loading,  the  excess  in  No.  21  being  particularly 
marked.  The  fact  that  in  the  tests  made  afterward  on  steel  taken 
from  the  beams,  one  rod  of  No.  30  was  found  to  have  a  yield  point 
of  34  600  lb.  per  sq.  in.,  while  those  from  No.  21  were  above  42  000 
lb.  per  sq.  in.  may  be  sufficient  explanation  for  No.  30  not  devel- 
oping so  high  a  moment  of  resistance  as  No.  21.  An  attempt  was 
made  to  find  the  distribution  of  the  stresses  through  the  length  of 
the  beams  by  placing  an  extensometer  on  an  8-inch  gauged  length 
at  the  middle  of  the  span  in  addition  to  the  regular  extensometer 
which  was  used  with  a  gauged  length  of  42  inches,  but  the  exten- 
someter device  which  was  rigged  up  proved  not  to  be  serviceable 
for  the  purpose,  although  it  did  give  information  of  value  in  other 
ways.  However,  it  is  evident  from  the  deformations  measured, 
as  well  as  from  the  resisting  moments  developed,  that  the  distri- 
bution of  the  stresses  in  a  center-loaded  reinforced  concrete  beam 
is  not  as  assumed  in  the  ordinary  theory  of  flexure.  The  stress  in 
the  steel  at  the  middle  of  the  span  evidently  is  less  than  the  amount 
given  by  calculations,  and  at  points  somewhat  away  from  the 
middle  the  stress  in  the  steel  is  greater  than  the  calculated  amount. 
The  fact  that  the  load  is  applied  at  the  top  of  the  beam  affects  the 
distribution.  The  results  of  tests  made  with  center  loading  by 
various  experimenters  agree  in  showing  that  the  moment  of  resist- 
ance developed  in  tests  by  center  loading  is  considerably  in  ex- 
cess of  that  obtained  from  calculations  by  the  theory  of  flexure 
and  that  such  results  may  not  be  relied  on  for  ordinary  loading. 
Tests  of  beams  loaded  at  or  near  the  one-third  points  agree  in 
general  very  closely  with  the-  calculations  based  on  the  theory  of 
flexure.  The  one  tested  with  load  applied  at  eight  points  compares 
well  with  the  other  loading  in  a  general  way,  although  the  mo- 
ment of  resistance  developed  was  somewhat  lower  than  for  the 
beams  loaded  at  one-third  points.  This  was  due  in  part  at  least 
to  the  fact  that  all  four  of  the  reinforcing  bars  in  Beam  No.  47  were 
of  steel  with  yield  point  of  only  33  000  lb.  per  sq.  in.  It  seems 
proper  to  say,  then,  that  the  results  of  tests-  made  with  center 
loading  are  not  comparable  with  other  loading  and  that,  as  center 
loading  is  not  ordinarily  assumed  in  designing,  this  method  of  load- 
ing test  beams  should  hot  be  used.  It  seems  proper  to  add  also, 
that  a  loading  at  the  one-third  points  or  thereabout  is  an  allow- 
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able  method  of  testing  and  gives  results  fairly  comparable  with 
uniform  loading  so  far  as  the  development  of  tensile  and  com- 
pressive stresses  is  concerned.  It  does  not  give  as  higli  shearing 
stresses  and  hence  as  high  diagonal  tensile  stresses  as  uniform 
loading,  but  this  is  counteracted  by  the  fact  that  with  uniform 
loading  these  stresses  remain  high  only  a  short  distance  from  the 
suT3ports  and  that  in  this  distance  the  resistance  to  such  stresses 
is  greater  than  beyond,  and  also  that  at  a  point  one-eight  the  span 
length  from  the  supports  these  stresses  decrease  to  less  than  those 
of  the  beam  loaded  at  the  one-third  points.  The  convenience  of 
the  latter  method  of  loading  makes  it,  all  things  considered,  the 
best  general  form  of  loading  test  beams. 

46.  Effect  of  Repetition  of  Load. — Most  tests  of  reinforced 
concrete  beams  have  been  made  by  applying  the  load  increasingly 
until  rupture  takes  place.  It  is  known  that  when  the  load  is  taken 
off,  or  released,  it  will  not  return  to  its  original  position.  Part 
of  the  effect  is  due  to  the  fact  that  a  portion  of  the  weight  of  the 
beam  which  had  produced  tension  in  the  concrete  in  the  lower 
part  of  the  beam  must  after  the  failure  of  the  tension  of  the  con- 
crete have  the  effect  of  giving  additional  tension  to  the  steel.  A 
part  may  be  due  to  the  overcoming  of  initial  or  shrinkage  stresses 
in  the  concrete  and  steel.  It  would  seem  that  a  considerable  part 
must  be  due  to  the  failure  of  the  concrete  on  the  tension  side 
properl}'  to  interlock  or  mesh  so  as  to  occupy  its  original  position, 
thus  leaving  tension  in  the  steel  during  the  release  of  the  load, 
and  on  the  compression  side  to  the  inability  of  the  concrete  to 
spring  back  to  its  original  place.  How  much  of  this  effect  may 
properly  be  called  "set"  can  not  be  discussed  here. 

It  is  not  so  generally  known  that  when  a  load  is  reapplied  the 
second  application  produces  a  different  effect,  both  on  the  com- 
pression side  and  on  the  tension  side  of  the  beam.  It  seemed  im- 
portant to  learn  the  effect  of  a  number  of  applications  or  repeti- 
tions of  the  same  load  on  a  beam,  and  repetitions  of  different 
loads  were  made  on  Beams  No.  17, 19,  and  29.  In  the  diagrams,  to 
secure  clearness  only  a  part  of  the  repetitions  have  been  platted. 
The  number  of  the  application  is  indicated  by  a  figure. 

Beam  No.  17  (1%  reinforcement)  was  loaded  with  9000  lb. 
eleven  times.  This  load  and  the  weight  of  beam  and  loading  ap- 
paratus gave  a  stress  of,  say,  37  000  lb.  per  sq.  in.  in  the  steel,  1400 
lb.  per  sq.  in.  compression  in  the  extreme  fiber  of  the  concrete,  and 
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77  lb.  per  sq.  in.  horizontal  and  vertical  shear.  The  Icad-deforma- 
tion  diagram  (Fig.  35)  shows  little  increase  or  change  in  the  steel 
deformation  after  the  second  application,  going  and  returning  on 
the  same  line,  but  the  compressive  deformation  of  the  concrete 
increased  with  successive  applications  and  releases  of  the  load. 
It  should  be  noted  that  the  compressive  stress  reached  with  this 
load  was  fairly  high  for  the  quality  of  concrete  used.  Upon  the 
eleventh  application,  the  load  was  run  up  to  a  maximum  of  11  100 
lb.,  failing  immediately  after  at  a  load  of  10  500  lb.  Although  a 
diagonal  crack  outside  of  the  one-third  point  was  the  outward 
cause  of  failure  it  seems  likely  from  the  high  stress  in  the  steel 
(over  40  000  lb.  per  sq.  in.),  the  shape  of  the  load-deformation 
curve,  and  the  position  of  the  cracks,  that  these  cracks  were  not 
the  primary  cause  of  failure,  but  that  failure  should  be  attributed 
to  the  stretch  of  the  steel  beyond  the  yield  point.  The  cracks 
appeared  at  6000  lb.  at  the  first  application  of  the  load,  and  the 
one  under  consideration  became  somewhat  more  prominent  with 
the  repetition  of  the  loading. 

Beam  No.  19  (1%  reinforcement)  (Fig.  33)  w^as  loaded  with 
6000  lb.  eight  times  and  then  with  10  000  lb.  six  times.  The  sixth 
time  the  load  was  run  past  10  000  to  a  maximum  load  of  30  800,  fall- 
ing off  to  10  000  and  failing  by  tension  in  the  steel  in  the  middle 
third.  The  stresses  at  the  load  of  6000  lb.  together  with  the 
weight  of  beam  and  loading  apparatus  may  be  estimated  to  be 
25  000  lb.  per  sq.  in.  tension  in  the  steel  and  1000  lb.  per  sq.  in. 
compression  in  the  concrete;  and  at  the  applied  load  of  10  000  lb., 
38  000  lb.  per  sq.  in.  tension  in  the  steel  and  1500  lb.  per  sq.  in. 
in  the  concrete.  These  are  high  stresses  at  which  to  test  repeti- 
tion of  loading.  The  stress-deformation  curves  indicate  that  the 
concrete  was  compressed  well  up  toward  its  crushing  point  at  the 
time  of  maximum  load.  Two  diagonal  cracks  appeared  just  out- 
side the  middle  third  at  the  first  application  of  the  6000  lb.  load, 
and  upon  the  third  application,  another  became  visible.  The 
crack  in  the  middle  which  finally  became  the  seat  of  failure  ap- 
peared at  the  first  application  of  8000  lb. 

Beam  No.  29  (2.2%  reinforcement)  (Fig.  34)  was  loaded  with 
12  000  lb.  fifteen  times,  and  upon  the  sixteenth  application  the 
load  was  increased  to  the  maximum  of  15  900  lb  ,  failing  soon  after 
at  15  900  lb.  The  stresses  at  the  load  of  12  0()0  lb.  together  with 
the  weight  of  beam  and  loading  apparatus  were,  say,  23  000  lb.  per 
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sq.  in.  tension  in  the  steel,  1500  lb.  per  sq.  in.  compression  in  the 
concrete,  and  110  lb.  per  sq.  in.  vertical  and  horizontal  shear.  Rep- 
etition of  the  loading  gave  greatly  increased  shortenings  in  the  upper 
fiber  of  the  concrete.  In  considering  this,  the  high  percentage  of  re- 
inforcement and  the  large  values  of  the  compressive  stresses  de- 
veloped in  the  concrete  by  virtue  of  this  reinforcement  should  be 
borne  in  mind.  The  final  failure  of  the  beam  was  by  compres- 
sion at,  say,  1700  lb.  per  sq.  in.  and  at  a  time  when  failure  by 
diagonal  tension  seemed  imminent. 

The  tests  of  these  beams  throw  considerable  light  on  the  ef- 
fect of  repeated  application  of  loads  under  high  stresses  and  point 
to  important  conclusions.  The  deflections  under  the  last  repeti- 
tion of  load  were  12%,  15%  and30%  in  excess  of  those  obtained  with 
the  first  application.  The  source  of  this  increase  is  mainly  on  the 
compression  side,  for  the  deformation  observed  in  the  remote  fiber 
of  the  concrete  increased  from  30%  to  50%  beyond  that  of  the  first 
load,  while  the  deformation  at  the  level  of  the  steel  increased 
only  7%  to  9%  and  in  one  beam  the  steel  deformation  ran  backward 
and  forward  along  the  same  lines  after  the  second  application. 
The  increments  of  these  changes  in  general  decreased  somewhat 
with  the  repetitions.  It  would  be  interesting  to  know,  with  such 
high  stresses  in  the  concrete,  what  would  be  the  final  effect  of 
continued  application  of  the  load.  It  seems  plain  that  the  defor- 
mation at  the  level  of  the  steel  does  not  change  much,  and  would 
not  change  except  as  it  is  modified  by  the  changed  distribution 
of  the  compressive  stresses.  It  would  also  be  interesting  to  know 
the  effect  of  repetition  of  loads  at  lower  stresses  in  the  concrete. 
Since  in  the  phenomena  of  failure  of  such  materials  as  concrete 
the  amount  of  the  deformation  is  correlative  in  effect  with  amount 
of  stress,  it  would  likewise  be  of  interest  to  know  the  effect  of 
repetition  of  load  upon  both  denser  and  more  porous  mixtures. 
The  results  here  given  indicate  that  the  compressive  stress  to  be 
taken  as  the  basis  of  ultimate  load  in  designing  beams  should  be 
somewhat  less  than  the  ultimate  strength  of  the  concrete.  It  may 
be  added  that  there  was  no  general  marked  growth  in  the  cracks 
with  the  repetition  of  load,  and  a  comparison  of  the  determina- 
tions at  the  maximum  load  with  those  of  other  beams  of  the  same 
make-up  does  not  show  any  special  difference  in  results  due  to 
the  repetition  of  the  ai^plication  of  the  load. 

The  deflection  retained  on   the   first   release  of  load  seems  to 
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be  nearly  the  same  proportion  of  the  deflection  due  to  that  load 
as  the  deflection  retained  after  the  last  application  bears  to  that 
under  the  last  load.  This  retained  deflection  is  from  20%  to  35% 
of  the  deflection  under  load.  The  larger  part  of  this  is  due  to 
failure  of  the  concrete  to  return  to  the  original  condition,  the  re- 
tained deformation  of  the  upper  fiber  being  30%  to  50%  of  the 
deformation  under  load. 

47.     Progressively  Applied  and  Released  Loads. — The  usual 
method  of  testing  beams  is  to  apply  to  load   by  increments  until 
failure  occurs.     To  determine  the  effect  of  removing  the  load  as 
the  testing  progresses,    in  the  tests  of  four  beams  the  load  was 
released  after  each  application,  the  load  being  increased  each  time, 
generally  in    increments  of   1000   lb.     Beam  No.  13  (Fig.  36)  had 
1%  reinforcement  and   failed  by  tension   in  steel.     Beam  No.  20 
(1%)  failed  by  diagonal  tension,  the  diagonal  crack  appearing  at 
a  load  of  9000  lb.,  starting  from  a  point  at  the  bottom  one  foot  from 
a  support.     The  beam  failed  suddenly  at  a  load  of  10  200  lb.,  giv- 
ing the  lowest  shearing  stress  (86  lb.  per  sq.  in.)  of  any  of  the 
beams  made  of  normal  concrete  which  failed  by  diagonal  tension. 
No  explanation  is   offered  for  this  unusually  low  value.     Beams 
No.  24  (Fig.  38)  and  No.  28  (Fig  39)  had  2.2%  reinforcement  and 
failed  by  diagonal  tension  of  concrete  with   an  average  vertical 
shearing  stress  of  116  lb.  per  sq.  in.    in  the  concrete  and  at  a  high 
compressive  stress.     The   phenomena  accompanying  the  tests  of 
these  beams  did  not  differ  from  those  of  beams  of  similar  make-up 
tested  in  other  ways ;  appearance  of  cracks,  position  of  neutral 
axis,  manner  of  failure,  amount  of  deflection,  etc.,  were  not  no- 
ticeably different.     The  effect  on  the  load-deformation  curves  and 
deflection  curves  is  interesting.     These  curves  conform  to  the  gen- 
eral outline  of  the  curves  given  on  page  48  of  Bulletin  No.  1.  Upon 
release  of  load  the  beam  does  not  return  to  its  original  shape,  but 
retains  a  part  of   the  deformations  and  deflection.     The  amount 
of  this  retained   deformation   increases  with   the  amount  of  the 
load,  though   the  amount  of   increase  for  the  deformation  at  the 
level  of  the  steel  is  less  than  that  at  the  upper  fiber  of  the  con- 
crete.    In  general  it  maybe  said  that  the  retained  deflection  after 
a  given  load  ranged  from  20%  to  35%  of   the  total  deflection  for 
that  load.     The  retained   deformation   for  the  upper  fiber  ranged 
from  25%  to  40%  of  the  deformation  under  load,  this  percentage 
increasing  somewhat  with  the  increase  of  the  load.     The  retained 
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deformation  of  the  steel  ranged  from  8%  to  30%,  this  percentage 
being  smaller  for  the  larger  loads. 

An  important  feature  shown  in  the  load-deformation  curves 
and  one  which  has  a  bearing  on  the  calculation  of  stresses  in  beams 
is  the  effect  of  the  release  of  load  upon  the  general  form  of  the 
curve.  Although  upon  the  reapplication  of  a  load  the  deforma- 
tion is  greater  than  that  at  the  first  api3lication  of  this  amount, 
yet  upon  the  application  of  larger  load,  the  deformations  return 
to  the  general  form  of  the  curve.  In  fact,  the  outline  of  the  curves 
conform  very  closely  both  in  shape  and  amount  to  those  formed 
without  release  of  load,  all  differences  being  explainable  by  vari- 
ations in  properties  of  the  concrete.  This  is  further  evidence 
that  in  the  calculation  of  stresses,  in  the  determination  of  the 
position  of  the  neutral  axis,  and  in  the  determination  of  the 
modulus  of  elasticity,  gross  deformations  and  not  net  or  elastic 
deformations  give  results  most  nearly  representative  of  conditions 
in  the  beam  and  should  be  used  in  the  design  of  beams.  The 
effect  found  in  repetition  of  loading  adds  weight  to  this  conclu- 
sion. 

No  difference  in  method  of  failure  or  in  appearance  of  cracks 
from  that  of  similar  beams  was  found  by  the  use  of  this  method 
of  applying  loads.  The  i30sition  of  neutral  axis,  calculated  from 
gross  deformations,  agrees  with  other  methods  of  applying  loads. 
The  set  on  the  tension  side  is  probably  mostly  due  to  the  failure 
of  the  particles  of  concrete  to  interlock,  and  tension  is  thus  left 
in  the  steel.  Some  part  of  this  failure  to  return  to  original  posi- 
tion is  due  to  the  added  stress  in  the  steel  due  to  its  taking  a 
further  part  of  the  weight  of  the  beam  after  the  concrete  has 
failed  in  tension,  and  a  part  may  be  due  to  the  removal  of  initial 
stresses  existing  in  the  concrete.  On  the  comx)ression  side  most 
of  the  set  is  due  to  the  plastic  nature  of  concrete,  though  part 
seems  to  be  of  the  nature  of  a  final  stress  in  the  material.  What- 
ever it  is,  the  application  of  a  greater  stress  carries  the  material 
to  the  same  point  it  would  have  gone  to  with  a  continuously  applied 
load.     This  phenomenon  is  worthy  of  further  study. 

48.  Eifect  of  Rest  after  Release  of  Load. — An  effort  was 
made  to  determine  to  what  extent  the  deflections  and  deforma- 
tions remaining  in  the  beam  after  the  load  had  been  released  were 
permanent,  or  in  other  words  to  find  whether  the  beam  returned 
toward  the   original   position   within   a   given  interval  of  time. 
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Beam  No.  23  (1%  reinforcement)  was  loaded  with  6000  lb. ;  the 
load  was  then  released  and  the  deflections  and  deformations  meas- 
ured at  intervals  extending  over  a  number  of  hours.  The  calcu- 
lated stress  in  the  steel  at  this  load  including  weight  of  beams 
was  25  OOO  lb.  per  sq.  in.  and  that  in  the  concrete,  say,  1000  lb. 
per  sq.  in.  Beam  No.  27  (.74%  reinforcement,  6000  lb.  load,  cal- 
culated stress  in  steel  33  000  lb.  per  sq.  in.  and  in  concrete  1150 
lb.  per  sq.  in.).  No.  31  (a  broken  beam,  load  of  8000  lb.)  and  No. 
50  (1%  reinforcement,  2000  lb.  load,  calculated  stress  in  steel 
11000  lb.  per  sq.  in.,  and  in  concrete  450  lb.  per  sq.  in.)  were 
tested  in  the  same  way.  The  results  of  these  tests  are  in  some 
respects  not  satisfactory.  It  was  not  appreciated  in  advance  that 
changes  in  temperature  would  have  so  great  an  effect  upon  the 
brass  rods  used  in  the  extensometer  device.  The  cathetometer 
observations  of  deflections  gave  constant  readings  except  for  one 
or  two  sudden  changes  which  it  seems  must  have  been  due  to  a 
change  at  the  instrument  rather  than  in  the  beam.  Greater  reli- 
ance may  be  placed  on  the  results  by  the  thread  method  of  deter- 
mining deflections  of  the  beam.  From  observations  made  with 
the  thread  the  indications  are  that  the  beams  made  no  apprecia- 
ble recovery  of  the  set  formed  in  the  beam  even  after  periods 
of  15  to  40  hours  of  rest.  This  is  not  what  might  be  expected,  and 
it  should  not  be  accepted  as  a  conclusion  without  confirmation  by 
other  tests. 

49.  Eifect  of  Retention  of  Load. — To  determine  the  effect  of 
retaining  a  load  for  a  time  longer  than  than  that  of  the  ordinary 
test,  four  beams  were  kept  in  the  machine  for  periods  ranging 
from  20  to  38  hours  and  the  deflections  and  deformations  observed. 
It  was  found  as  was  to  be  expected  that  the  load  indicated  on  the 
scale  beam  of  the  machine  usually  dropped  down  somewhat,  de- 
creasing during  the  first  three  hours  as  much  as  1200  lb.  for  an 
original  load  of  8000  lb.  Part  of  this  was  due  to  a  decrease  in 
the  deflection  of  the  beam,  although  no  motion  of  the  gears  of  the 
machine  could  be  detected.  Each  time  that  observations  were 
made  the  load  resmaining  on  the  beam  was  first  noted,  and  then 
the  extensometers  and  the  deflection  were  read.  A  careful 
search  was  then  made  for  cracks  which  might  have  develoi^ed,  and 
then  the  original  load  was  applied,  after  which  the  extensometers 
and  deflection  were  read  again.     The  load  was  retained  as  nearly 
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as  possible  in  this  manner  for  various  lengths  of  time,  after  which 
the  load  was  increased  until  the  beam  failed. 

Perhaps  the  following  condensed  log  of  the  tests  will  best 
state  the  conditions  found. 

Beam  No.  16  (1%  reinforcement)  (Fig.  49).  The  first  crack 
was  discovered  at  a  load  of  4500  lb.  one  foot  north  of  the  middle 
of  the  span  length.  It  was  visible  only  on  one  side  of  the  beam 
and  extended  vertically  to  within  7  inches  of  the  top.  At  7000 
lb.  there  were  three  fine  cracks  a  few  inches  apart  just  outside 
both  load  points  and  inclined  slightly  toward  them.  These  were 
all  on  the  west  side  of  the  beam  and  extended  to  within  6^  inches 
of  the  top.  A  load  of  8000  lb.  was  then  retained  for  38  hours 
with  no  perceptible  change  in  the  cracks.  With  increased  load, 
none  of  them  increased  much  until  the  load  reached  11  000,  the 
maximum  load  being  11  600  lb. 

Beam  No.  22  (1%  reinforcement)  (Fig.  40).  The  first  crack 
was  discovered  under  the  north  load  on  the  west  side  at  5  000  lb. 
At  8000  lb.  two  cracks  appeared  near  the  middle  on  the  west  side 
and  one  just  outside  the  south  load.  None  of  these  cracks  ex. 
tended  to  within  6  inches  of  the  top.  The  cracks  had  not  risen 
materially  at  9000  lb.  After  9000  had  been  retained  three  hours, 
the  cracks  near  the  middle  had  become  visible  on  the  east  side 
and  a  new  one  6  inches  south  of  the  middle  on  both  sides  was 
found,  but  no  change  was  found  in  the  remainder  of  the  20  hours' 
retention  of  load.  At  the  maximum  load  of  12  700  lb.  the  crack 
6  inches  south  of  the  middle  had  risen  to  within  4  inches  of  the 
top  and  had  opened  nearly  1/32  inch  at  the  bottom.  The  cracks 
in  the  middle  were  approximately  vertical.  Those  outside  the  load 
points  inclined  slightly  towards  them.  The  load  was  applied  un- 
til the  deflection  was  more  than  two  inches. 

Beam  No.  26  (1%  reinforcement)  (Fig.  41).  A  load  of  5000 
lb.  was  retained  25  hours.  No  cracks  were  observed  in  the  appli- 
cation of  this  load  and  none  was  observed  until  the  load  of  5000 
lb.  had  remained  on  the  beam  25  hours,  when  three  cracks  were 
found  along  the  middle  third  extending  to  within  7  inches  of  the 
top.  The  load  was  then  increased  to  10  000  when  several  more 
cracks  appeared  under  both  load  points.  The  maximum  was 
reached  at  11  450  when  a  crack  6  inches  south  of  the  middle  began 
to  open  up,  the  deflection  being  then  .72  inch.  The  final  breaking 
load  was  10  000  lb.  which  occurred  v^ith  a  deflection  of  2.14  in. 
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Beam  No.  36  (.74%  reinforcement)  (Fig.  42).  The  first  crack 
appeared  at  a  load  of  6000  lb.  just  outside  the  north  load  and  ex- 
tended within  6  inches  of  top  on  both  sides.  This  load  of  6000  lb. 
was  retained  for  18  hours,  and  there  was  no  apparent  change  in 
cracks  during  this  time.  After  the  maximum  load  of  7400  lb. 
had  been  passed  a  crack  was  discovered  14  inches  north  of  the  cen- 
ter, which  extended  almost  vertically  to  within  5  inches  of  the  top? 
and  failure  occurred  at  this  crack. 

It  will  be  seen  that  while  the  stress  in  the  steel  at  the  re- 
tained loads  was  say  29  000,  32  000,  18  000,  and  28  000  lb.  per  sq. 
in.,  respectively,  (not  including  weight  of  beam),  there  was  little 
effect  shown  in  the  stretched  concrete  by  changes  in  appearance 
or  growth  of  cracks.  In  Beam  No.  26  the  first  crack  became  visi- 
ble after  the  load  of  5000  lb.  had  been  retained  25  hours,  but  the 
stretch  in  the  steel  at  this  load  is  about  the  average  stretch  at 
which  cracks  became  visible  in  these  beams.  In  Beam  No.  22  a 
crack  which  had  been  noted  on  one  side  of  the  beam  became  visible 
on  the  other  side  and  a  new  crack  was  found  during  the  reten- 
tion of  the  load,  but  this  was  at  a  load  which  indicates  a  stress  of 
32  000  lb.  per  sq.in.  in  the  steel.  In  general,  little  effect  in  the 
appearance  and  growth  of  cracks  was  noted. 

Fig.  43  shows  the  change  in  load  indicated  on  the  scale  beam 
for  a  constant  deflection  during  the  first  fourteen  minutes  for 
Beams  No.  26  and  36.  As  the  deflections  are  approximately  pro- 
portional to  the  loads,  it  may  be  judged  from  the  diagram  how 
rapidly  the  beam  would  deflect  if  a  constant  load  were  applied. 

The  change  in  deformations  and  deflections  during  the  reten- 
tion of  load  are  not  reproduced,  as  the  changes  in  temperature  of 
the  measuring  apparatus  rendered  the  observations  irregular  and 
somewhat  untrustworthy.  The  increase  in  the  deflection  during 
the  retention  of  the  load  was  for  Beam  No.  16  18%,  for  Beam  No. 
22  12%,  for  Beam  No.  26  35%,  and  for  Beam  No.  36  28%  of  the 
amount  of  the  deflection  when  the  load  was  first  applied.  The 
observations  show  that  the  deformation  in  the  steel  and  that  in 
the  upper  fiber  of  the  concrete  are  both  increased,  the  increase 
being  greater  for  the  compression  side.  The  average  of  the  in- 
crease in  the  steel  deformation  for  Beams  No.  16,  26  and  36  is  15%, 
and  that  for  the  upper  fiber  of  the  concrete  is  41%  of  the  amount 
of  the  deformations  when  the  load  is  first  applied.  It  appears 
that  at  the  beginning  of   the  test  the  deformation  in  the  steel  in- 
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creases  more  ra])idly  than  that  in  the  compression  side  of  the  beam 
and  the  neutral  axis  rises  somewhat.  Later  the  deformation 
in  the  steel  decreases  and  that  on  the  compression  side  increases 
considerably,  and  the  neutral  axis  reaches  a  position  lower  than 
its  first  position.  While  the  values  observed  may  not  be  quanti- 
tatively correct,  it  is  felt  that  the  general  results  are  worthy  of 
consideration.  It  may  be  added  that  no  effect  of  the  retention  of 
the  load  was  apparent  in  either  the  form  of  failure  or  the  amount 
of  the  maximum  load.  It  is  worthy  of  note  that  except  in  Beam 
No.  86,  in  which  the  retained  load  was  well  up  toward  the  maxi- 
mum, the  load-deformation  curves  and  deflection  curves  rise  up- 
ward upon  the  application  of  larger  loads  after  a  load  has  been 
retained  and  finally  take  the  general  shape  of  such  curves  for  pro- 
gressively applied  loads,  much  as  was  found  to  be  the  case  with 
the  curves  for  released  loads. 

50.  Eifect  of  Position  of  Reinforcing  Bars. — A  few  test 
beams  were  made  to  learn  something  of  the  effect  of  bending  the 
reinforcing  bars   into   parabolic   and   trapezoidal  form.     Fig.  15 
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Fig.  15.     Sketch  Showing  Form  in  which  Bars  were  Bent. 

shows  the  two  positions  used.  These  beams  were  not  designed 
with  an  amount  of  reinforcement  or  a  relation  of  depth  to  span 
which  would  develop  the  full  diagonal  tensile  strength  of  the  con- 
crete, and  hence  these  tests  have  no  bearing  upon  the  efficacy  of 
bending  up  bars  to  aid  in  taking  the  diagonal  component  of  the 
stresses.  Moreover,  all  of  the  bars  were  bent  up.  The  bars,  par- 
ticularly in  the  parabolic  form,  were  bent  up  from  points  too  near 
the  middle  of  the  span  to  get  high  loads.  The  tests  are  chiefly  of 
value  in  the  peculiarity  of  the  place  and  form  of  failure.  Although 
failure  took  place  at  vertical  cracks  with  an  outward  appearance 
of  steel-tension  failures,  these  cracks  appeared  generally  outside 
the  load  points.  In  Beam  No.  48  a  vertical  crack  appeared  at  a 
point  about  half  way  between  one  load  point  and  the  support  at 
a  load  of  6000  lb.  and  extended  upward  to  the  steel.  At  7000  lb. 
this  crack  had  risen  further  and  a  small  crack  branched  out  from 
it  and  ran  along   the   line  of   steel  for  about  10  inches.     At  the 
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same  time  a  second  vertical  crack  appeared  at  a  point  about  half 
way  between  the  other  support  and  load  point.  At  the  maximum 
load,  9  300  lb.,  these  vertical  cracks  had  reached  nearly  to  the  top 
of  the  beam.  The  load  then  rapidly  decreased.  The  cracks  along 
the  steel  were  fine  cracks  and  did  not  open  up.  The  calculated 
stress  in  the  steel  within  the  middle  third  was  33  000  lb.  per  sq.  in., 
which  is  about  the  elastic  limit  of  the  steel  used  in  these  five  beams. 
It  would  seem  that  the  stress  at  the  vertical  crack  must  have  been 
less  than  this.  Beam  No.  63  failed  in  the  same  way  except  that 
the  maximum  load  was  7400  lb.  and  the  stress  must  have  been 
less  than  in  No.  48.  Beam  No.  58  having  bars  bent  in  parabolic 
form  failed  in  a  similar  manner  with  a  maximum  load  of  8900  lb. 
Beam  No.  59,  also  with  bars  bent  in  parabolic  form,  failed  at 
cracks  near  the  load  points  at  a  maximum  of  8900  lb.  Beam  No. 
54,  also  with  bars  bent  up  in  parabolic  form,  was,  unlike  the  fore- 
going, tested  with  center  loading  and  failed  at  a  vertical  crack  at 
a  load  of  6600  lb.  The  information  concerning  these  beams  is 
not  explicit  enough  to  tell  whether  any  of  them  failed  by  other 
cause  than  failure  of  the  steel  in  tension.  It  would  be  interesting 
to  know  w^hether  slipping  of  the  bars  occurred  in  any  of  these 
beams. 

51.  Effect  of  Lean  and  Abnormal  Concretes. — These  tests  are 
of  interest  in  showing  the  direction  of  the  effect  of  poor  workman- 
ship and  lean  mortar.  Beams  No.  39  and.4u  were  made  of  concrete 
which  was  mixed  about  one-third  as  much  as  that  for  the  ordi- 
nary beams  and  was  not  so  well  rammed.  On  account  of  the 
poor  mixing,  patches  of  unmixed  material  could  be  detected  and 
the  sand  grains  and  stone  were  not  well  coated.  They  failed 
suddenly  by  diagonal  tension  at  maximum  applied  loads  of  7000 
lb.  and  8800  lb.  (vertical  shearing  stress  of  62  and  78  lb.  per  sq. 
in.  including  weight  of  beam,  etc.).  As  normal  beams  with  the  same 
reinforcement  broke  by  failure  of  steel  at  loads  from  9500  to  11  000 
lb.,  and  as  diagonal  tension  corresponding  to  a  vertical  shear  of  125 
lb.  per  sq.  in.  was  developed  in  the  normal  beams  before  failure 
by  diagonal  tension  occurred,  it  will  be  seen  that  the  effect  of 
poor  mixing  on  the  resistance  to  diagonal  tension  is  quite  marked. 

Beams  No.  41  and  42  were  made  to  see  the  effect  of  using  lean 
concrete  in  the  lower  half  of  the  beam,  the  part  whose  chief  func- 
tion is  to  transmit  stresses  from  the  tension  of  the  steel  to  the 
compression  area  of  the  concrete ;  in  other  words,  to  act  as  a  web. 
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In  these  two  beams  the  lower  5^  inches  of  the  beam  was  made  of 
concrete  with  1  part  cement  6  parts  sand  and  12  parts  stone  by- 
loose  volume  and  the  upper  5^  inches  was  made  of  the  usual  1-3-6 
mixture.  The  top  layer  was  placed  over  the  leaner  concrete  in  the 
usual  manner.  Beam  No.  41  broke  by  diagonal  tension  of  the  con- 
crete (sudden)  at  a  maximum  load  of  8800  lb.  Beam  No.  42 
broke  in  the  same  way  at  a  maximum  load  of  6000  lb.  The  calcu- 
lated vertical  shearing  stresses  (including  weight  of  beam,  etc.) 
are  75  and  571b.  per  sq.  in.,  respectively,  as  compared  with,  say, 
125  lb.  per  sq.  in.  in  normal  beams.  Considering  that  the  diagonal 
tensile  resistance  developed  is  proportional  to  these  vertical  shear- 
ing stresses,  it  is  evident  that  the  richness  and  the  strength  of  the 
concrete  have  much  to  do  with  its  ability  to  resist  diagonal  or  web 
stresses.  The  importance  of  quality  of  concrete  for  the  purpose 
of  resisting  diagonal  stresses  is  not  usually  recognized,  and  this 
element  should  be  considered  even  when  metallic  web  reinforce- 
ment is  used. 

Beams  No.  43  and  44  (1-3-6  concrete)  were  made  with  "planes 
of  set"  ;  that  is,  the  bottom  of  the  beam  was  made  and  allowed  to 
set  before  finishing  the  construction  of  the  beam.  In  Beam  No. 
43  a  1-inch  layer  of  concrete  was  placed  in  the  bottom  of  the  form, 
the  rods  were  imbedded  half  their  thickness,  the  layer  left  un- 
tamped,  and  this  layer  left  to  set  for  24  hours  The  remainder  of 
the  depth  of  the  beam  was  then  built  as  usual.  It  will  be  seen 
that  this  is  a  severe  condition.  In  Beam  No.  44  the  bottom  5^  inches 
of  the  beam  was  built  as  usual,  except  that  the  top  surface  was 
roughened  with  the  point  of  a  trowel  and  was  left  to  set  for  24 
hours,  when  it  was  completed  in  the  usual  way.  Beam  No.  43 
failed  at  a  vertical  crack  at  1  foot  from  the  center  at  a  maximum 
applied  load  of  9300  lb.  in  a  manner  and  with  a  calculated  stress 
which  indicates  a  steel-tension  failure.  The  load  is  no  lower  than 
that  in  some  normal  beams  made  with  the  same  low  steel  bars. 
How  much  more  stress  the  "plane  of  set"  would  have  stood  is  not 
known.  The  bond  developed  is  calculated  as  101  lb.  per  sq.  in. 
of  steel  surface.  Beam  No.  44  failed  by  diagonal  tension  of  the 
concrete  at  a  maximum  applied  load  of  9400  lb.  A  vertical  crack 
extending  to  the  level  of  the  steel  appeared  3  ft.  from  one  sup- 
port at 8000  lb.,  and  the  diagonal  crack  causing  failure  originated 
at  this  point.  The  calculated  vertical  shearing  stress  at  a  load 
of  9400  lb.   is  80  lb.  per  sq.   in.     Nothing   is  known  which  would 
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connect  the  diagonal  tensile  stress  corresponding  to  this  low  value 
of  vertical  shear  with  the  manner  of  making  the  beam,  and  no 
explanation  is  offered  of  the  cause  of  the  failure  of  this  beam  by 
diagonal  tension  of  the  concrete  at  so  low  a  stress. 

52.  Eifect  of  Exposing  Reinforcing  £ars— In  the  construc- 
tion of  three  beams,  no  concrete  was  put  in  a  space  at  the  bottom 
on  either  side  of  the  middle,  thus  making  an  arch-like  opening 
and  leaving  the  reinforcing  rods  exposed  for  a  length  of  16  to  24 
inches.     Fig.    16  shows  the  form  of  the   opening.     Deformations 
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Fig.  16.     Sketch  Showing  Exposed  Rods. 

were  taken  both  on  the  exposed  portion  of  the  reinforcing  rods 
and  on  the  usual  gauged  length  of  42  inches.  The  gauged  length 
used  for  the  extensometer  on  the  exposed  rods  was  8  inches.  Table 
20   gives   the    stresses    calculated    from   the   observed   deforma- 

TABLE  20. 

Stresses  in  Steel  in  Beams  having  Tool  Steel  Reinforcement 
WITH  Bars  Exposed. 


Beam 

Load 
Consid- 
ered 

Stress  in  Steel 
lb.  per  sq.  in. 

No. 

From 
Resisting 
Moment 

From  E 
Exposed 
Steel 

23000 
25200 
25800 

ongations  in 
Exposed  and 
Encased  Steel 

49 
52 
62 

8000 
8000 
8000 

25900 
26100 
26100 

27000 

29400 

■  23100 

Average 

26000 

24700 

26600 

tions  for  the  usual  gauged  length  and  for  8  inches  on  the  exposed 
rods,  as  well  as  the  stresses  calculated  from  the  bending  moments 
by  the  formulas  heretofore  given.  The  three  stresses  compare 
very  favorably.  If  allowance  were  made  for  the  portion  of  the 
weight  of  the  beam  which  after  the  concrete  has  broken  in  ten- 
sion has  the  effect  of  adding  to  the  deformation  of  the  part  of  the 
steel  bar  which  is  embedded  in  the  concrete,  the  stress  in  the 
last  column  would  be  smaller,  and  the  agreement  w^ould  be  closer. 
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It  should  be  noted  that  this  effect  of  the  breaking  of  the  concrete 
in  tension  does  not  affect  the  exposed  steel  observation,  and  hence 
the  stress  in  the  steel  should  compare  with  that  calculated  from 
the  moment  of  the  applied  load  only.  This  agreement  is  what  is 
to  be  expected  from  the  usual  assumption  that  the  deformation 
in  the  concrete  at  the  level  of  the  steel  is  the  same  as  that  in  the 
steel. 

It  is  of  interest  to  compare  the  effect  upon  the  exposed  steel 
and  upon  the  encased  steel  when  the  load  is  released.  In  Beam 
No.  49,  after  a  load  of  9000  lb.  had  been  applied,  the  load  was  re- 
leased and  readings  taken.  As  usual  the  observations  indicated 
retained  deformations  in  the  42-inch  gauged  length,  but  the  in- 
strument on  the  exposed  rods  returned  almost  to  the  original  read- 
ing. The  retained  deformation  indicated  by  the  extensometer  on 
the  exposed  rod  amounted  to  .000028,  corresponding  to  a  stress  of, 
say,  690  lb.  per  sq.  in. 

53.  Position  of  Neutral  Axis  and  Value  of  Modulus  of  Elas- 
ticity.— The  successive  positions  of  the  neutral  axis  within  the 
middle  third  of  the  span  length,  as  determined  experimentally  by 
the  method  already  explained,  are  shown  for  the  various  beams 
on  the  diagrams  given  in  Fig.  56,  57  and  58  at  the  end  of  the  bul- 
letin. In  general,  the  change  in  the  position  of  the  neutral  axis 
as  the  applied  load  is  increased  follows  the  law  outlined  on  page 
29  of  Bulletin  No.  1.  The  neutral  axis  rises  during  the  second 
stage  and  remains  nearly  stationary  during  the  third  stage.  (For 
the  use  of  the  terms  second  stage  and  third  stage  see  page  21  and 
Fig.  15  of  Bulletin  No.  1.)  For  beams  in  which  by  reason  of  a 
large  amount  of  reinforcement  high  compressive  stresses  in  the 
concrete  are  developed,  the  neutral  axis  falls  considerably  during 
the  stage  of  rapid  deformation  of  the  upper  fiber.  An  example 
of  this  is  shown  in  Beam  No.  46.  (Fig.  56.)  Beams  with  low  or 
medium  amounts  of  reinforcement,  as  for  example  the  1%  beams, 
do  not  of  course  develop  large  deformations  in  the  upper  fiber. 
That  a  slight  lowering  of  this  position  of  the  neutral  axis  during 
the  third  stage  is  not  always  markedly  noticeable,  as  would  be 
indicated  by  theory,  is  probably  due  to  the  decrease  in  the  total 
amount  of  tension  in  the  concrete  in  a  given  section  as  the  load 
is  increased,  the  moiety  of  tension  remaining  in  the  concrete 
affecting  the  position  of  the  neutral  axis  much  more  than  it  does 
the  resisting  moment  of  the  beam. 
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The  position  of  the  neutral  axis  given  in  Tables  11  to  17  is  for 
the  first  iDart  of  the  third  stage  of  flexure.  Generally  the  value 
there  recorded  represents  an  average  of  the  positions  above  and 
below  a  load  which  produces  a  deformation  in  the  upper  fiber  of 
.0004  or  .0005  per  unit  of  length.  These  deformations  correspond 
to  something  like  .2  to  .25  of  the  ultimate  deformation  of  the  con- 
crete. It  will  be  recalled  that  the  value  §'=.25  was  selected 
for  the  formula  for  position  of  neutral  axis  for  the  calculations  of 
this  bulletin.     (Page  15.) 

In  Fig.  8,  page  16,  the  proportionate  depth  of  the  neutral  axis 
for  the  beams  made  with  normal  1-3-6  concrete  and  reinforced 
with  mild  steel  are  platted.  The  values  for  the  1904  beams,  which 
are  also  platted,  do  not  differ  much  from  these. 

The  agreement  of  the  poin's  i)latted  is  as  close  as  may  be  ex- 
pected when  variations  in  quality  of  concrete,  lack  of  knowledge 
of  exact  position  of  reinforcing  bar,  effect  of  a  contact  point  rest- 
ing against  one  edge  of  a  large  stone,  and  other  variations  are 
taken  into  account.  It  will  be  seen  that  the  positions  range  some- 
what below  the  line  drawn  for  position  of  neutral  axis  with  an  ini- 
tial modulus  of  elasticity  of  2  000  000  lb.  per  sq.  in.  (7^  =  15)  and 
§=.25,  as  calulated  from  equation  (11)  given  on  page  15.  As  the 
concrete  grows  older,  the  modulus  of  elasticity  will  increase 
somewhat  and  the  neutral  axis  will  rise  accordingly,  although  the 
change  may  not  be  great  after  an  age  of  60  days.  However,  it 
would  seem  proper  with  1-3-6  limestone  concrete  of  the  kind  here 
used  to  use  the  line  for  7i-=lk)  shown  in  Fig.  8  for  getting  the 
position  of  neutral  axis  and  for  use  in  calculating  stresses,  and  to 
call  the  initial  modulus  of  elasticity  2  000  000  lb.  per  sq.  in.  Of 
course  for  high  reinforcements,  a  larger  value  than  §=.25  will  be 
developed,  but  this  change  will  not  seriously  affect  the  position 
of  the  neutral  axis.  If  it  is  desired  to  use  the  straight-line  de- 
formation relation,  a  lower  value  than  2  000  000  for  the  constant 
modulus  of  elasticity  should  be  selected. 

The  straight  line  given  on  Fig.  16  of  Bulletin  No.  1  gives  fair 
results  up  to  a  reinforcement  of  1.5%,  but  it  seems  better  to  use 
the  analytical  determination,  especially  as  the  proportionate 
depth  may  be  easily  found  by  means  of  a  diagram.  It  may  be 
added  that  the  value  of  the  initial  modulus  of  elasticity  of  2  000- 
000  lb.  per  sq.  in.,   w=15,  corresponds   closely  with  results  found 
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in  compression  tests  on   concrete  of  the  character  used  in  these 
tests. 

54.  Summary. — It  is  difficult  to  summarize  the  results  of  the 
investigation,  since  it  covers  considerable  ground  and  the  results 
are  intimately  connected  with  a  variety  of  conditions  and  many- 
sided  phenomena.  A  careful  perusal  of  the  data  and  discussion 
will  give  a  clearer  insight  and  perhaps  a  fairer  grasp  of  the  results 
than  can  be  gained  from  a  summarized  statement.  The  following 
statements  are  not  intended  to  stand  forth  as  conclusions,  but 
rather  as  partial  interpretations  of  some  of  the  general  phenomena 
of  the  tests : 

1.  The  general  phenomena  of  the  tests,  like  stages  of  flexure, 
the  failure  of  tension  in  the  concrete,  moment  of  resistance  of  the 
beam,  effect  of  elastic  limit  of  the  steel,  etc.,  agree  well  with 
those  described  in  Bulletin  No.  1. 

2.  The  tests  confirm  the  conclusion  given  in  Bulletin  No.  1 
that  for  normal  l-3-(5  concrete  of  the  quality  used  a  reinforcement 
of  1.5%  of  steel  of  33  000  lb.  per  sq.  in.  elastic  limit  will  not  de- 
velop the  full  compressive  strength  of  the  concrete.  In  beams 
having  a  smaller  amount  of  reinforcement,  failure  will  be  due 
to  the  stretching  of  the  steel  beyond  its  yield  point.  This 
assumes  that  the  beam  is  so  proportioned  or  so  reinforced  that 
bond  or  diagonal  tension  will  not  be  the  cause  of  failure. 

3.  Beams  which  failed  by  diagonal  tension  developed  an 
average  vertical  shear  of  123  lb.  per  sq.  in.,  as  calculated  by  equa- 
tion (18).  The  diagonal  tensile  stress  corresponding  to  the  shear- 
ing stress  may  be  considered  to  be  the  tensile  strength  of  the  con- 
crete. The  results  have  a  bearing  upon  the  importance  of  web 
reinforcement. 

4.  Beams  reinforced  with  tool  steel  failed  by  slipping  of  the 
bars  with  133  lb.  per  sq.  in.  as  the  average  bond  stress  developed. 
These  beams  showed  a  characteristic  type  of  failure.  The  special 
tests  to  determine  the  bond  resistance  of  these  tool  steel  rods 
averaged  149  lb.  per  sq.  in.  In  the  beams  reinforced  with  mild 
steel  placed  horizontally,  there  was  no  evidence  of  slip,  although 
in  one  beam  a  bond  stress  of  193  lb.  per  sq.  in.  was  developed. 

5.  Center  loading  may  be  expected  to  give  results  which  are 
higher  than  those  found  by  the  ordinary  beam  formula.  Moments 
of  resistance  derived  from  results  of  center  loading  tests  may  not 
Xjrojjerly  be  used  as  a  basis  of  calculation  for  other   forms  of  load- 
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ing.  The  results  with  loading  at  the  one-third  points  compare 
favorably  with  multiple-point  loading,  and  are  comparable  with 
uniform  and  other  distributed  loading. 

6.  Repeated  applications  of  a  load  which  sets  up  high  com- 
pressive stresses  in  the  concrete  give  increasing  deformations. 
The  deflections  after  ten  to  fifteen  applications  were  found  to  be 
12%  to  30%  in  excess  of  the  deflection  at  the  first  application. 

7.  Beams  which  werepoaded  to  give  a  stress  of  15  000  lb.  per 
sq.  in.  in  the  steel  and  800  lb.  per  sq.  in.  in  the  concrete,  or 
more,  failed  to  return  to  their  original  position  upon  the  removal 
of  the  load,  the  amount  of  the  retained  deflection  being  20%  to 
35%  of  the  deflection.  No  appreciable  recovery  of  the  set  was 
apparent  after  periods  of  15  to  40  hours. 

8.  Beams  loaded  so  as  to  develop  stresses  of  18  000  to  32  000 
lb.  per  sq.  in.  in  the  steel  and  compressive  stresses  of  800  to 
1400  lb.  per  sq.  in.  in  the  concrete  gave  little  perceptible 
change  in  appearance  or  growth  of  cracks  after  the  load  had  been 
retained  20  to  38  hours,  and  upon  the  application  of  greater  loads 
the  load-deformation  curves  and  deflection  curves  rose  upward 
and  took  the  general  shape  for  such  curves  for  progressively  ap- 
plied loads.  During  the  retention  of  load,  the  deflection  increased 
12%  to  35%,  the  principal  cause  of  this  increase  evidently  being 
the  increased  compression  of  the  concrete. 

9.  The  general  form  of  the  stress-deformation  curves  for  con- 
tinually increasing  loads, progressively  applied  and  released  loads, 
and  repeated  loads  is  the  same,  until  the  compressive  de- 
formations of  the  concrete  become  large. 

10.  lr*oorly-mixed  concrete  and  lean  concrete  when  used  in 
the  lower  half  of  beams  gave  failures  by  diagonal  tension  at  shear- 
ing stresses  not  much  more  than  one-half  the  stresses  developed 
in  beams  made  with  normal  concrete  which  failed  in  the  same 
manner.  Tensile  strength  of  mortar  is  therefore  of  importance, 
at  least  when   metallic   web   reinforcement  is  not  provided.     No 

^noticeable  effect  from  the  so-called  "plane  of  set"  was  found. 

11.  The  tests  of  beams  having  artificial  cracks  and  exposed 
rods  give  results  which  tend  to  confirm  the  analytical  basis  used 
for  determining  stress  in  steel  and  for  explaining  slipping  of  bars 
and  splitting  of  bars  away  from  upper  portion  of  beam. 

12.  The  position  of  the  neutral  axis  found  for  the  various 
beams  indicates  that  for  a  limestone   concrete  of  the  proportions 
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used  the  value  of  the  initial  modulus  of  elasticity  is 
2  000  000  lb.  per  sq.  in.  or  less.  It  may  not  be  much  higher  than 
this  for  older  concrete  or  richer  concrete.  If  a  straight-line  stress- 
deformation  relation, (constant  modulus  of  elasticity),  is  assumed, 
the  value  may  well  be  less  than  that  of  the  initial  modulus  of  elas- 
ticity here  used. 


It  may  not  be  out  of  place  to  add  a  few  comments  on  the  ana- 
lytical treatment  of  the  resistance  of  beams  to  flexure  and  on  the 
discussion  of  methods  of  failure. 

13.  The  parabolic  stress-deformation  relation  for  concrete  in 
compression  offers  a  satisfactory  solution  for  use  with  beams  in 
which  any  considerable  deformation  is  developed  in  the  concrete. 
The  algebraic  work  based  upon  the  proportion  of  the  ultimate  de- 
formation developed,  {q)^  is  not  particularly  complicated,  and  the 
final  formulas  are  not  more  difficult  of  use  than  are  those  based  up- 
on the  straight-line  stress-deformation  relation  (constant  modulus 
of  elasticity)  and  are  easily  transformed  into  the  straight-line 
relation  for  use  or  comparison. 

14.  The  resisting  moment  of  a  beam  which  does  not  have  an 
excess  of  reinforcement  may  well  be  expressed  in  terms  of  the  to- 
tal tensile  stress  in  the  steel  and  the  distance  from  the  steel  to 
the  center  of  the  compressive  stresses  as  given  by  equation  (13). 
Its  calculated  value  will  not  differ  greatly  whether  the  parabolic 
or  the  straight-line  stress-deformation  relation  be  used,  or  for  any 
ordinarily  assumed  position  of  the  neutral  axis.  The  moment 
arm  will,  however,  decrease  somewhat  as  the  amount  of  reinforce- 
ment increases.  Whether  the  position  of  the  neutral  axis  is  ob- 
tained from  a  formula  or  taken  from  a  diagram,  the  calculation  by 
equation  (8)  is  not  more  difficult  with  the  parabolic  than  with  the 
straight-line  relation. 

15.  For  any  considerable  compression  in  the  concrete,  the 
formula  based  on  the  straight-line  stress-deformation  relation 
gives  too  high  a  value  for  the  compressive  stress.  If  the  straight" 
line  relation  is  to  be  used,  even  for  calculations  at  working  loads, 
the  modulus  of  elasticity  selected  should  be  lower  than  the  value 
of  the  initial  modulus  of  elasticity  for  the  same  concrete,  or  a 
higher  limiting  compressive  stress  may  be  chosen  than  isjactually 
developed  in  the  beam. 
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16.  Equation  (17)  for  bond  and  equation  (18)  for  shear  are 
applicable  to  the  method  of  reinforcement  here  discussed.  A  di- 
rect calculation  of  diagonal  tensile  stress  may  not  be  made,  since 
the  intensity  is  dependent  upon  an  unknown  horizontal  tension ; 
but  comparison  of  diagonal  tensile  stresses  may  well  be  made 
upon  the  basis  of  the  vertical  shearing  stresses  developed. 

17.  Failure  by  splitting  of  the  bars  away  from  the  upper 
portion  of  beam  must  be  a  secondary  form  of  failure,  following 
failure  by  diagonal  tension  or  other  form  of  primary  failure. 

18.  In  all  tests  involving  a  determination  of  the  cause  of 
failure,  care  should  be  taken  to  distinguish  primary  failure  from 
secondary  or  ultimate  failure.  While  such  distinction  can  not 
always  be  made,  the  value  of  the  conclusions  must  depend  upon 
the  accuracy  of  the  information  on  this  point. 
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RESISTANCE  OF  TUBES  TO  COLLAPSE 

By  Albert  P.   Carman,  Professor  of  Physics 

AND 

Maurice  L.  Carr,  Assistant  in  Physics 

This  paper  describes  a  series  of  experiments  made  on  the  re- 
sistance of  metal  tubes  to  collapse  when  subjected  to  external 
hydraulic  pressure.  The  principal  use  of  the  results  of  such  ex- 
periments is  probably  their  application  to  the  design  and  inspec- 
tion of  the  fire  flues  of  steam  boilers,  but  the  results  are  also  of 
great  interest  and  importance  in  the  theory  of  elasticity  and  the 
strength  of  materials.  Engineers  have  used  various  empirical 
rules  and  formula  for  the  collapse  of  tubes,  but  these  formulse 
have  been  derived  from  a  few  unsatisfactory  experiments  and  have 
within  recent  years  been  generally  distrusted.  This  distrust  has 
not  been  lessened  by  the  mathematical  discussions  of  the  last  few 
years,  in  which  students  of  elasticity  have  attempted  to  derive  a 
rational  formula  for  tube  collapses.  These  proposed  rational 
formulae  differ,  as  we  shall  see,  from  the  empirical  rules  in  use 
by  engineers. 

The  present  work  was  first  planned  by  L.  P.  Breckenridge 
and  A.  P.  Carman  in  the  spring  of  1904,  but  University  duties  pre- 
vented its  prosecution  at  that  time.  In  the  winter  of  1904  to  1905,  a 
series  of  experiments  on  the  collapse  of  small  seamless  brass  tubes 
was  carried  out  by  A.  P.  Carman.  These  experiments  were  de- 
scribed and  the  results  discussed  in  a  paper  read  before  the  Amer- 
ican Physical  Society  at  Chicago,  April  23,  1905,  and  published 
later  in  the  Physical  Review.^    It  was  there  shown  that  the  form- 
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ulse  in  general  use,  all  of  which  are  based  on  that  of  Sir  William 
Fairbairn,  are  inadequate;  that  there  is  a  certain  "critical  minimum 
length"  beyond  which  the  resistance  to  collapse  of  a  tube  is  inde- 
pendent of  the  length;  and  that  a  formula  of  the  rational  type  pro- 
posed by  Professor  G.  H.  Bryan  was  probably  nearly  true  for  these 
small  brass  tubes. 

The  experiments  discussed  in  this  bulletin  have  been  made 
by  the  department  of  Physics  of  the  Engineering  Experiment 
Station  of  the  University  of  Illinois.  They  were  begun  in  the  fall 
of  1905,  but  owing  to  delays  in  getting  apparatus  and  materials 
were  not  completed  until  May  1,  1906.  M.  L.  Carr,  B.  S.,  has  been 
the  assistant  in  carrying  on  this  series  of  experiments.  He  has 
made  the  observations,  and  to  him  are  due  several  of  the  special 
devices  used  as  well  as  much  of  the  completeness  and  accuracy  of 
the  calculations.  Before  describing  our  own  experiments  and  dis- 
cussing the  results,  we  shall  give  a  brief  account  of  previous  ex- 
periments and  of  the  empirical  and  theoretical  formula  which 
have  been  proposed. 

Historical 

The  first  and  until  very  recently  the  only  systematic  experi- 
ments on  the  collapse  of  tubes  were  those  of  Sir  William  Pair- 
bairn  made  nearly  fifty  years  ago"^.  Fairbairn's  work  was  done  at 
the  suggestion  and  with  the  aid  of  the  Royal  Society  and  of  the 
British  Association  for  the  Advancement  of  Science.  The  common 
steam  pressure  in  that  day  was  50  pounds  per  square  inch  or  less, 
and  so  the  highest  pressure  thought  necessary  by  Fairbairn  was 
less  than  500  pounds.  The  tubes  were  "composed  of  a  single  thin 
iron  plate  bent  to  the  required  form  upon  a  mandril  and  riveted 
and  also  brazed  to  prevent  leakage  into  the  interior".  The  ends 
were  closed  by  cast-iron  disks  or  plugs,  and  the  tube  was  placed 
in  a  large  cast-iron  cylinder  and  there  subjected  to  hydraulic 
pressure.  Fig.  1  is  reproduced  from  Fairbairn's  original  paper 
and  shows  his  arrangement.  The  cast-iron  cylinder  was  8  feet 
long,  28  inches  in  diameter  and  the  walls  were  2  inches  thick. 
The  cylinder  was  placed  in  a  vertical  position  and  the  tube  was 


1 

William  Fairbairn,  On  the  Resistance  of  Tubes  to  Collapse,  Pbilosopbical  Transactions 
of  the  Royal  Society  ol  London  for  1858,  pp.  389-413;  also  in  Fairbairn's  Useful  Information  for 
Engineers,  Second   Series,  London,  1867. j 


Fig.  1    Sir  Wm.  Fairbairn's  Apparatus 
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supported,  from  both  ends,  as  shown  in  the  figure.  The  interior 
of  the  tested  tube  was  connected  with  the  atmosphere  at  the  upper 
end.  The  pressure  was  produced  by  a  hydraulic  pump  and  was 
read  by  steam  gauges.  A  safety  valve  set  at  500  pounds  limited 
the  pressure.  The  diameters  of  the  tubes  collapsed  were  4,  6,  8, 
9,  10  and  12  inches  with  the  exception  of  one  which  was  18l 
inches  in  diameter.  The  length  of  these  tubes  ranged  from  19  to 
60  inches,  and  nearly  all  had  the  same  wall  thickness  of  .043  of  an 
inch.  In  all,  about  twenty-five  satisfactory  collapses  were  made. 
Fairbairn  sums  up  his  results  in  this  well-known  formula: 

^2.19 

P  =  9,675,600— 

"Which  is",  he  says,  "the  general  formula  for  calculating  the 
strength  of  wrought-iron  tubes  subjected  to  the  external  pressure 
within  the  limits  indicated  by  the  experiments;  i.  e. ,  provided 
their  length  is  not  less  than  1.5  feet,  and  not  greater  than  10 
feet".  In  the  above  formula,  P  =  pressure  in  pounds  per  square 
inch;  t  =  thickness  of  wall  in  inches;  I  =  length  of  tube  in  inches; 
and  d  =  diameter  in  inches.  Fairbairn  adds  as  a  foot-note  the 
following:  "By  taking  2  instead  of  2.19  for  the  index  of  t,  this 
formula  becomes 

i' =9, 675. 600— 
la 

whence  the  value  of  P  may  be  calculated  by  ordinary  arithmetic. 
For  thick  tubes  of  considerable  diameter  and  length,  this  formula 
may  be  regarded  as  sufficiently  exact  for  practical  purposes". 
This  last  or  approximate  form  is  sometimes  known  as  Fairbairn's 
second  form.  Fairbairn's  formula  has  been  the  text  for  practic- 
ally all  the  discussions  on  the  collapse  of  tubes  for  the  last 
fifty  years.  Aside  from  Fairbairn's  experiments,  there  have  been 
no  systematic  experiments  described  until  within  the  last  year. 
It  is  noteworthy  that  a  problem  so  widely  discussed,  the  solution 
of  which  has  not  only  great  scientific  interest  bat  also  valuable 
technical  applications,  should  remain  for  so  many  years  with  so 
little  experimental  work.  The  only  reasons  that  can  be  assigned 
are  the  considerable  expense  involved  in  the  experiments  and  the 
fact  that  the  appliances  needed  are  not  commonly  available  in 
testing  laboratories. 
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TABLE  I 
Fairbairn's  Data  on  the  Resistance  of  Tubes  to  Collapse 


■3^ 


0  ^ 
5o.5 


20, 


®    O    ^    ^ 


4 

19 

.043 

4 

19 

.043 

4 

40 

.043 

4 

38 

.043 

4 

60 

.043 

4 

60 

.043 

4 

60 

.043 

4 

30 

.043 

4 

30 

.043 

4 

15 

.043 

6 

30 

.043 

6 

29 

.043 

6 

59 

.043 

6 

30 

.043 

6 

30 

.043 

6 

30 

.043 

8 

30 

.043 

8 

39 

.043 

8 

40 

.043 

8 

60 

.043 

8 

30 

.043 

10 

50 

.043 

10 

30 

.043 

12 

30 

.043 

12 

60 

.043 

12.2 

58.5 

.043 

9 

37 

.25 

18.75 

61 

.25 

9 

37 

.14 

9 

37 

.14 

14x10.25 

60 

.043 

75x15.5 

61 

.25 

170 

137 

65 

65 

43 

140 

47 

(195) 

93 
147 

43 


47 
32 
52 
65 

85 


39 
32 

31 
22 

36 

19 

33 

22. 

12. 

11 

(450) 

420 

262 

378 

6. 

127. 


Remarks 


Tubes  formed  of  plates  of  uniform  thickness. 
Tubes  formed  of  plates  of  uniform  thickness. 
Tubes  formed  of  plates  of  uniform  thickness. 
Tubes  formed  of  plates  of  uniform  thickness. 
Tubes  formed  of  plates  of  uniform  thickness. 
Made  in  3  sections,  1  ft.  7  in.  each. 

Ends  of  tube    fractured,    allowing  water  to 
enter  and  cause  reacting  pressure. 


Cast-iron  ends  fractured,  causing  collapse 
before  outer  shell  attained  maximum  re- 
sistance. 


Rod  placed  down  axis  to  prevent  end  from 
approaching.  Tin  ring  left  in  caused  in- 
creased pressure. 


Uncollapsed. 

Lap  joint. 
Butt  joint. 
Elliptical  tubes. 
Elliptical  tubes. 


The  most  remarkable  feature  of  Fairbairn's  formula  is  the 
dependence  of  the  collapsing  pressure  upon  the  length.  This  will 
be  discussed  later.  Immediately  after  the  publication  of  Fair- 
bairn's paper,  one  writer  after  another  began  to  discuss  the  data 
for  the  purpose  of  deducing  a  more  general  and  convenient  em- 
pirical formula.  The  following  is  a  partial  list  of  the  best  known 
of  such  formulae.  The  dimensions  are  given  in  inches  just  as  in 
the  form  of  Fairbairn's  formula: 
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(1)     By  F.    Grashof:  in  Zeitschrift  des   Vereines  deutscher 
Ingenieure,  p.  234,  1859. 

(a)  For  thick  tubes: 

^2.081 

P  =  1,033,620  ^, ,J^,3,, 

(b)  For  thin  tubes: 

..2.315 

P=  24,481,000-    ^ 


(2)  By  G.  H.  Love:  in  Todhunter  and  Pearson's  H  story 
of  Elasticity,  Vol.  ii,  p.  667.     Appeared  in  Civilingenieur,  1861. 

P  =  5,358,150^-^  +    41906-^+     1323"^ 

(3)  By  J.  W.  Nystrom:  Qaoted  here  from  Van  Nostrand's 
Engineering  Magazine,  Vol.  xxiv,  p.  213.  Original  reference, 
Treatise  on  Steam  Engineering,  by  J.  W.  Nystrom,  p.  106. 

P=  692,800-^ 

(4)  By  W.  C.  Unwin:  in  Minutes  of  Proceedings  of  Institu- 
tion of  Civil  Engineers,  Session  1875-1876,  Part  iv,  p.  225. 

.2.35 

P=  15,547,000 


for  flues  with  longitudinal  and  circumferential  joints. 

(5)     By  F.   Wehage:    in  Dingler's   Polytechnisches  Journal, 
pp.  236-243,  1881. 

3 


j  368,000  8^       I 
(  490,000  d     \ 


The  coefficient  368,000  to  be  used  for  flues  with  lap  joints  riveted; 
the  490,000  to  be  used  for  flues  with  flap  joints  riveted  on. 

(6)  By  Theodore  Belpaire:  Note  sur  la  resistance  des  tubes 
pressees  de  I'exterieur,  par  Theodore  Belpaire  in  Annales  du 
Genie  civil,  March,  1879.  Quoted  from  Van  Nostrand's  Maga- 
zine, Vol.  XXIV,  1881. 

P- 3,427,152  [-^j- 56,892,400  [^} 

All  of  the  above  formulae  have  the  same  fundamental  form  as 
Fairbairn's.     Indeed,  we  might  expect  this,  for  they  are  simply 
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empirical  expressions  made  to  fit  Pairbairn's  observations.  Most 
writers  had  seen  that  there  must  be  a  limit  to  the  length  of  tubes 
for  which  these  formulae  should  be  applied,  but  no  results  of  ex- 
periments had  been  published  previous  to  1905  regarding  this. 

The  previous  experiments  by  the  writer  were  made  to  test 
this  principal  characteristic  of  the  Fairbairn  formula,  viz.,  that 
the  collapsing  pressure  varies  inversely  as  the  length.  Twenty- 
five  small  seamless  brass  tubes  were  collapsed  by  hydraulic  pres- 
sure. The  diameter,  thickness  of  wall,  length  and  collapsing 
pressure  are  shown  in  the  following  table: 

TABLE   II 

Table  of  Collapsing  Pressures  of  Small  Seamless  Brass  TubesI 


Mean 

Diameter, 

inches 

Thickness 
of  Wall, 
inches 

Length, 
inches 

Collapsing 

Pressure, 

lb.  per 

sq.  in. 

.350 

.0163 

.315 

4125 

.350 

.0163 

.472 

3415 

.350 

.0163 

.709 

3200 

.350 

•0163 

1.063 

2248 

..350 

.0163 

1.570 

1778 

.350 

.0163 

3.150 

1850 

.350 

.0163 

3.540 

1850 

.350 

.0163 

1.570 

9525 

.441 

.0315 

2.280 

6975 

.441 

.0315 

2.715 

6690 

.441 

.0315 

3.345 

6690 

.441 

.0315 

3.820 

6400 

.441 

.0315 

7.480 

6690 

.721 

.0315 

1.220 

7750 

.721 

.0315 

1.733 

6620 

.721 

.0315 

2.280 

6260 

.721 

.0315 

3.030 

5120 

.721 

.0315 

8.200 

4980 

.721 

.0315 

3.420 

11940 

.701 

.0531 

3.500 

12200 

.701 

.0531 

5.120 

12090 

.701 

.0531 

5.120 

12020 

.701 

.0531 

5.190 

11940 

.701 

.0531 

5.270 

12090 

.701 

.0531 

8.270 

12090 

The  curve.  Fig.  2,  shows  the  relation  between  length  and 
collapsing  pressure  for  tubes  0.35  of  an  inch  in  diameter.  The 
curves  for  the  other  diameters  are  of  the  same  shape.  The  follow- 
ing conclusions  were  drawn,  "An  inspection  of  these  data  and 
curves  shows  immediately   that   there  is  a  minimum  length  for 


Data  taken  by  Professor  A.  P.  Carman,  from  Physical  Review,  Vol.  XXI,  No.  6,  Dec.  1905. 
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FiG.  2    Curve  Showing  Relation  of  Collapsing  Pressure 
TO  Length  in  Small  Seamless  Brass  Tubes 


CARMAN — RESISTANCE   OF    TUBES   TO    COLLAPSE  7 

each  tube  beyond  which  the  collapsing  pressure  is  constant;  and 
further,  that  this  minimum  length  is  quite  definite.  Again,  we 
see  that  for  lengths  less  than  this  critical  minimum  length,  the 
collapsing  pressures  rise  rapidly.  As  definitely  as  can  be  deter- 
mined from  these  small  tubes,  the  collapsing  pressure  varies  in- 
versely as  the  length,  for  lengths  less  than  the  critical  length. 
In  this  they  follow  Fairbairn's  formula,  and  suggest  that  Fair- 
bairn's  tubes  were  all  shorter  than  their  critical  lengths.  An  in- 
spection of  the  woodcuts  which  Fairbairn  gives  for  each  of  his 
experiments,  and  a  comparison  of  these  with  the  shapes  of  the 
brass  tubes  which  have  been  collapsed  in  our  experiments  con- 
firm this.  Figs.  3  and  4  show  shapes  and  sections  of  the  collapsed 
tubes  of  the  curve.  Fig.  2.  Fairbairn  found  exactly  these  shapes 
which  we  have  obtained  for  lengths  less  than  the  critical 
length".  ■'^ 

These  previous  experiments  had  thus  shown  the  inadequacy 
of  Fairbairn's  formula,  and  they  had  particularly  shown  the  very 
narrow  range  of  the  law  of  inverse  lengths.  When  the  present 
series  of  experiments  on  standard  steel  boiler  flues  was  begun, 
little  attention  was  therefore  paid  to  the  law  of  lengths,  except  to 
see  that  the  tubes  were  longer  than  the  critical  minimum  length. 

Methods  and  Data  of  Experiments 

The  method  followed  in  the  present  tests  was  similar  to  that 
used  by  Fairbairn.  The  tube  to  be  tested  was  closed  at  both  ends, 
placed  inside  a  stout  steel  cylinder,  and  there  subjected  to  increas- 
ing external  water  pressure  until  the  tube  collapsed.  The  pres- 
sures were  read  by  hydraulic  gauges.  The  cylinder  used  in  all 
these  experiments  was  a  section  of  a  nickel  steel  naval  gun  tube, 
kindly  furnished  at  a  nominal  price  by  the  Bethlehem  Steel  Com- 
pany, Bethlehem,  Pennsylvania.  The  dimensions  of  this  gun 
tube  were:  length,  12  feet;  external  diameter,  7  inches;  internal 
diameter,  5  inches.  For  a  distance  of  six  inches  at  one  end,  the 
external  diameter  was  left  at  9  inches,  thus  making  a  shoulder 
against  which  the  end  plug  could  be  clamped.  This  plug  was  a 
steel  disk  with  a  projection,  and  was  held  in  place  by  heavy  cast- 
iron  rings  and  eight  li-inch  steel  bolts.  A  lead  gasket  with  circu- 
lar grooves  in  the  end  face  of  the  tube  prevented  leakage  even  at 
the  highest  pressures.  The  other  end  of  the  nickel  steel  cylinder 
was  closed  by  a  cast-iron  plug,  six  inches  long,  shrunk  into  place. 
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A  I- inch  hole  for  stay  rods  was  drilled  through  the  center  of 
each  end  plug.  Leakage  about  the  rods  was  prevented  by  pack- 
ing held  in  place  by  bushing  nuts.  These  stay  rods  were 'made  of 
f-inch  steel  shafting,  and  were  screwed,  one  into  each  end  plug 
of  the  tube  to  be  tested.  The  tube  could  thus  be  put  under  ten- 
sion so  as  to  take  up  the  end  pressures.  One  of  these  stay  rods 
had  a  small  hole  through  it  connecting  the  interior  of  the  tube 
with,the  atmosphere.  By  rubber  tubing,  the  interior  could  be  con- 
nected with  a  U  manometer.  This  manometer  was  very  useful  in 
indicating  any  leakage. 

In  the  first  experiments,  the  tube  to  be  tested  was  closed  by 
steel  plugs,  fitted  and  soldered  in  the  ends.  Experience  soon 
showed  that  soldering  the  plugs  was  both  a  tedious  and  an  uncer- 
tain method  of  closing  the  ends.  Several  other  plans  were  tried  be- 
fore a  satisfactory  and  convenient  method  was  found.  The  final 
method  is  shown  in  Fig.  5.  Tool- steel  clamps  were  made  in  the 
shape  of  split  rings,  hinged  on  one  side  and  held  together  on 
the  other  side  by  bolts.  These  ring  clamps  were  placed  on  the 
tube  near  the  end  as  a  grip,  and  slipping  was  prevented  by  burr- 
ing the  tube  with  a  cold  chisel.  A  steel  disk  faced  with  a  sheet 
of  lead  was  then  drawn  tight  against  the  plane  ends  of  the 
tube  by  bolts  screwing  into  the  clamps.  After  the  ends  were 
clamped  on  the  tube  it  could  be  tested  for  leakage  by  placing  the 
whole  tube  in  a  trough  of  water,  and  pumping  air  into  it  with  a 
foot  bicycle  pump  through  the  bored  stay  rod.  It  was  seldom 
that  a  tube  tested  in  this  way  leaked  when  subjected  even  to  high 
external  water  pressure.  The  connections  with  the  gauges,  the 
pump  and  the  hydrant  were  made  through  small  holes  bored  in 
the  nickel  steel  cylinder.  These  holes  were  made  tight  by  special 
screw  plugs  and  leather  gaskets.  The  cylinder  was  mounted  on 
two  heavy  trestles  and  inclined  so  as  to  allow  the  easy  escape  of 
the  air  when  filling  it  with  water.  The  pressures  were  produced 
by  a  Cailletet  pump  made  by  the  Societe  Genevoise,  of  Geneva, 
Switzerland.  The  pump  was  capable  of  producing  pressures  of 
1000  kilograms  per  square  centimeter,  or  approximately  14,000 
pounds  per  square  inch.  Copper  pressure  tubing  was  used  to 
connect  the  pump  and  the  gauges  with  the  cylinder.  Four 
gauges  made  by  Shseffer  and  Budenberg  were  used,  viz. : 

No.  1,  reading  to  8000  pounds  per  square  inch. 

No.  2,  reading  to  1000  kilograms  per  square  centimeter. 

No.  8,  reading  to  3000  pounds  per  square  inch. 

No.  4,  reading  to  300  kilograms  per  square  centimeter. 


Fig.  3    Appearance  of  Collapsed  Small  Seamless  Brass 

Tubes 

Referred  to  in  Pigs.  2  and  4 


Fig.  4    Sections  of  Collapsed  Small 
Seamless  Brass  Tubes 


Fig.  5    Parts  of  Clamp  for  Stopping  End  of  Tube 
(on  the  right) 
Clamp  in  Place  on  Tube 
(on  the  left) 
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Gauges  Nos.  1  and  3  had  maximum  pointers,  and  all  had  check 
valves  to  protect  the  springs  from  the  shock  at  collapse.  The 
drawing  of  the  cylinder,  Pig.  6  and  the  photograph.  Fig.  7,  of  the 
assembled  apparatus  show  other  features  not  easily  described. 

When  a  test  was  to  be  made,  the  prepared  tube  was  placed 
in  the  cylinder,  the  heavy  head  bolted  on,  and  the  cylinder 
filled  with  water  from  the  hydrant.  All  the  openings  were  then 
closed,  and  the  pressure  pump  started.  Several  minutes  of 
pumping  were  usually  required  before  the  gauges  began  to 
record.  Except  for  a  few  thin  tubes  of  large  diameter,  fail- 
ure, which  was  sudden  in  all  cases,  was  accompanied  by  a  sound 
much  like  that  accompanying  the  failure  of  a  specimen  in  a 
testing  machine.  Failure  was  also  indicated  by  the  dropping  of 
the  gauges  and  the  rise  of  the  water  in  the  manometer  con- 
nected with  the  inside  of  the  tube.  Each  specimen  was  care- 
fully measured  after  collapse,  and  in  the  case  of  most  of  the  tested 
tubes,  the  collapsed  portion  was  sawed  across  and  the  actual  av- 
erage thickness  of  the  tube  was  obtained.  Nearly  all  of  the  tubes 
tested  were  ten  feet  long  at  the  start.  In  many  cases,  three  or 
more  collapses  were  made  by  cutting  off  the  collapsed  portion 
after  each  failure,  and  then  testing  the  remainder  of  the  tube.  In 
the  tables  of  data,  these  are  noted  as  sections  of  the  flue,  e.  g. , 
flue  No.  1  was  divided  into  three  sections,  1,  2  and  3.  The  tubes 
tested  were  commercial  steel  boiler  tubes,  both  lap- welded 
and  cold  drawn  seamless.  We  have  to  thank  J.  T.  Ryerson  and 
Son,  Chicago,  for  the  gift  of  four  tubes,  and  the  Scully  Steel  and 
Iron  Company,  Chicago,  for  the  gift  of  twenty-five  tubes  for  these 
tests.  The  other  tubes  used  were  bought  in  the  open  market.  In 
order  to  have  data  on  entirely  different  material,  tests  were  made 
on  a  set  of  brass  tubes  similar  in  size  to  the  steel  tubes.  The  ad- 
vantage of  the  brass  tube  tests  was  that  the  dimensions  and  the 
material  were  much  more  uniform. 

Chemical  Tests  of  Samples  of  Boiler  Flues  Collapsed 


Description  of 
Sample  of  Flue 

chemical  analysis 

Si 

S 

P 

Mn 

C 

Lap-welded  steel 

.021 
.038 
.001 
.002 

.137 

.099 
.018 
.013 

.286 
.330 
.462 
.525 

080 

Lap-welded  steel 

080 

Seamless  cold  drawn  steel 

170 

Seamless  cold  drawn  steel 

.220 
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TABLE  III 
Data  on  Seamless  Cold  Drawn  Flues 


1 

„ 

itT 

>  wT 

Sjc  " 

"o 

Flue   I 

<v 

r^  (D 

<1  a> 

a? 

O  (D 

?,  o 

hi 

a 
<v 

c3  ^  rn 

^6a 

^^  S 

IS 

No. 

Sec. 

25 

9  ft. 

6  in. 

1.5 

.095 

.097 

4220 

32 

5  ft. 

2  in. 

26 

1 

9  ft. 

7  in. 

1.5 

.095 

.098 

4260 

30 

8  ft. 

2  in. 

26 

2 

6  ft. 

11  in. 

1.5 

.095 

4260 

38 

5  ft. 

e  in. 

26 

3 

2  ft. 

8  in. 

1.5 

.095 

3930 

25 

1  ft. 

6  in. 

27 

9  ft. 

7  in. 

1.5 

.095 

5200 

3 

At  extreme 
end  of  flue. 

28 

8  ft. 

4  in. 

1.5 

.095 

.100 

4330 

32 

4  ft. 

6  in. 

29 

8  ft. 

4  in. 

1.5 

.095 

.102 

4240 

29 

1  ft. 

4  in. 

45 

9  ft. 

2  in. 

1.5 

.095 

.095 

3930 

29 

6  ft. 

4  in. 

Mean 
42 

.098 
.102 

4200 
3050 

30.4 

27 

9  ft. 

7  in. 

^ 

.095 

1  ft. 

0  in. 

43 

9  ft. 

7  in. 

2 

.092 

2420 

20 

6  ft. 

4  in. 

44 

9  ft. 

7  in. 

2 

.103 

3390 

36 

6  ft. 

4  in. 

Mean 
36 

.099 

2950 
1280 

28 
27 

9  ft. 

8  in. 

2.5 

.083 

.084 

5  ft. 

0  in. 

37 

9  ft. 

7  in. 

2.5 

.083 

.084 

1100 

26 

6  ft. 

8  in. 

Mean 
39 
40 

.084 
.103 

1190 

1820 

26.5 
35 

9  ft 

7  in. 
6  in. 

2  5 

.095 

9  ft. 

2.5 

.095 

.098 

17.30 

27 

4  ft. 

6  in. 

41 

9  ft. 

7  in. 

2.5 

.095 

.098 

1890 

22 

9  ft. 

0  in. 

Mean 
3 

.099 
.114 

1810 
1720 

28 
28 

"i* 

10  ft. 

0  in. 

2.5 

.109 

1  ft. 

2  in. 

3 

2 

6  ft. 

10  in. 

2.5 

.109 

1920 

27 

2  ft. 

2  in. 

3 

3 

3  ft. 

4  in. 

2.5 

.109 

2200 

24 

1  ft. 

10  in. 

4 
4 

1 
2 

9  ft. 
5  ft. 

8  in. 
10  in. 

2  5 

109 

116 

1980 

25 

2.5 

.109 

2470 

27 

2  ft. 

3  in. 

4 
38 

3 

2.5 
2.5 

.109 
.109 

"iog' 

2610 

1580 

9  ft. 

7  in. 

25 

i  ft. 

9  in. 

Mean 
1 
1 
1 

2 

.113 
120 

1960 
1830 

27 
27 

1 

2 
3 
1 

9  ft. 
4  ft. 

1  ft. 

7  ft. 

0  in. 

11  in. 

9  in. 

9  in. 

2  5 

120 

2  5 

120 

1850 

26 

2  5 

120 

2190 

21 

2.5 

.120 

.121 

2320 

28 

5  ft. 

6  in. 

2 

2 

3  ft. 

6  in. 

2.5 

.120 

2650 

23 

1  ft. 

9  in. 

Mean 
33 

.i20 
.094 

2070 
1190 

25 

28 

9  ft. 

7  in. 

3 

.095 

4  ft. 

0  in. 

34 

9  ft. 

7  in. 

3 

.095 

.102 

1160 

33 

8  ft. 

0  in. 

35 

9  ft. 

7  in. 

3 

.095 

.097 

1130 

32 

8  ft. 

0  in. 

Mean 
30 

.098 
.093 

1160 
990 

31 
37 

9  ft. 

7  in. 

3.5 

.095 

6  ft. 

0  in. 

31 

9  ft. 

7  in. 

3.5 

.095 

.096 

900 

55 

7  ft. 

0  in. 

32 

9  ft. 

7  in. 

3.5 

.095 

.093 

970 

42 

6  ft. 

7  in. 

Mean 

.094 

950 

45 
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TABLE  IV 
Data  on  Lap- Welded  Steel  Boiler  B^lues 


Flue 


No.      Sec. 


L, 

0) 

a 

en 

03 

o 

n 

u 

=^  Cl  „ 


>   en 
<!  a> 

— '  9  f 


tie   ^ 

en   ^    tn 

a  en  a>  d 
d  tn  fL.S 

:j)(-W^  en 


0) 

-  en 


0)    0 

O  tn       TS 

en   o   C   IS   a 
qCJ=S>H 


8  ft. 

5  ft. 
3  ft. 
8  ft. 

6  ft." 
3  ft. 

8  ft. 

2  ft. 

9  ft. 

3  ft. 
2  ft. 
9  ft. 

5  ft. 
9  ft. 

4  ft. 

2  ft. 
9  ft. 

6  ft. 

3  ft. 
1  ft. 
9  ft. 


9  ft. 

2  ft. 

2  ft. 
9  ft. 
6  ft. 
4  ft. 

1  ft. 
9  ft. 
6  ft. 

4  ft. 
9  ft. 
6  ft. 

3  ft. 
9  ft. 
6  ft. 
9  ft. 
6  ft. 

2  ft. 
8  ft. 

5  ft. 
2  ft. 
8  ft. 
8  ft. 
5  ft. 


10 

in. 

2.5 

10 

in. 

2.5 

0 

in. 

2.5 

8 

in. 

2.5 

0 

in. 

2.5 

7 

in. 

2.5 

8 

in. 

2.5 

4 

in. 

2.5 

0 

in. 

2.5 

3 

in. 

2.5 

6 

in. 

2.5 

0 

m. 

2.5 

10 

m. 

2.5 

0 

in. 

3 

11 

in. 

3 

10 

in. 

3 

0 

in. 

3 

6 

in. 

3 

8 

in. 

3 

8 

m. 

3 

0 

in. 

3 

8 

in. 

3 

1 

in. 

3 

6 

in. 

3 

0 

in. 

3 

1 

in. 

3 

0 

in. 

3 

11 

in. 

3 

6 

in. 

3 

5 

in. 

3.5 

8 

in. 

3.5 

1 

m. 

3.5 

4 

in. 

3.5 

6 

m. 

3.5 

9 

in. 

3.5 

1 

in. 

3.5 

8 

m. 

3.5 

8 

in. 

3.5 

4 

m. 

3.5 

4 

m. 

3.5 

4 

in. 

3.5 

4 

in. 

3.5 

8 

in. 

3.5 

6 

m. 

3.5 

5 

in. 

2 

5 

in. 

2 

3 

m. 

2 

4 

in. 

2 

2 

in. 

2 

8 

in. 

2 

,109 

.109 

.109 

.109 

.109 

.109 

,109 

.109 

.109 

.109 

.109 

.109 

.109 

.109 

.109' 

.109 

.109 

.109 

.109 

.109 

.109 

.109 
.109 
.109 
.109 
.109 
.109 
.109 
.109 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.120 
.095 
.095 
.095 
.095 
.095 
.095 


.114 
'.UQ 


.120 

'.m 


.120 

!i65' 


.111 


.105 


.106 

."ii3 


.124 


.129 
!i29 


.128 
!i27 


.095 


.098 
.106 


2850 
3040 
3400 
2810 
2930 
3080 
2700 
2850 
2900 
2950 
3170 
3160 
3450 
2080 
2150 
2350 
2190 
2430 
2620 
3150 
1910 

2020 
1960 
1920 
2140 
2220 
2080 
2000 
2230 
1940 
2310 
2470 
2800 
2180 
2500 
2790 
2150 
2240 
2660 
1890 
1870 
2200 
2290 
2440 
3100 
3410 
3640 
2650 
3180 
3500 


29 
31 
29 


27 
21 
37 
27 
25 
25 
24 
20 
27 
30 
29 
29 
23 
30 
26 
20 
4 

27 
30 
26 
32 
33 
32 
27 
28 
31 
30 
30 
16 
31 
30 
27 
41 
36 
36 
39 


32 

42 
30 
33 
29 
27 
32 
30 
32 


1  ft.    1  in. 


4  ft.  11  in. 
0  ft.    7  in. 


1  ft.  1  in. 
4  ft.  6  in. 

2  ft.  0  in. 
1  ft.  6  in. 


3  ft. 
1  ft. 

~3  ft. 

0  ft. 
8  ft. 

1  ft. 

2  ft. 

0  ft. 
At  extreme 

end  of  flue. 
7  ft.    6  in 

1  ft. 

1  ft. 
6  ft. 

2  ft. 

4  ft. 


1  in. 
9  in. 

5  in. 
8  in. 

6  in. 

7  in. 
6  in. 

10  in. 


1  ft. 

1  ft. 

1  ft. 

1  ft. 

2  ft. 

0  ft. 

1  ft. 
5  ft. 


4  in. 
9  in. 

8  in. 

10  in. 

3  in. 

9  in. 
2  in. 

4  in. 
2  in. 

11  in. 
8  in. 
1  in. 
7  in. 


2  ft.  11  in. 


1  ft. 

2  ft. 


5  in. 
0  in. 


ft. 

ft. 

ft. 

ft. 

ft. 

ft. 
6  ft. 
6  ft. 
4  ft. 


4  in. 
4  in. 
2  in. 
2  in. 
2  in. 
1  in. 
7  in. 
6  in. 
1  in. 
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TABLE  IV— Concluded 


Flue 

4J 

be 

a 

CD 

II 

Nominal 

Thickness, 

inches 

Actual  Av. 
Thickness, 
inches 

Collapsing 
Pressure, 
lb.  per  sq. 
in. 

Length  of 
Collapse, 
inches 

o 

<D   03 

Cl    P-        (D 

1^0. 

Sec. 

Dista 
Colla 
from 
Vent 
End 

22 
23 
23 
23 

24 

3 
1 
2 
3 

2  ft.    8  in. 
8  ft.    4  in. 
6  ft.    0  in. 

3  ft.    0  in. 
8  ft.    5  in. 

2 

2 
2 

2 

.095 
.09.5 
.095 
.095 
.095 

'.'162* 

"Am 

3700 
3260 
3960 
4030 
3470 

26 
28 
37 
27 
31 

1  ft.     1  in. 

' '  'i  ft.  '  8  in. ' 

2  ft.    0  in. 
4  ft.    2  in. 

TABLE  V 
Data  on  Brass  Tubes 


Tube 

43 

be 

a 

a> 
Hi 

0^  m 

c3  C  ■ 
5'" 

Thickness 

Collapsing 
Pressure, 
lb.  per  sq. 
in. 

O  03 
CB 

3   C^   03 

1^0. 

Sec.  • 

Gauge 

Inches 

^3| 

1 

1 

8  ft.    8 

m. 

3 

14 

.083 

450 

34 

1 

2 

3  ft.    7 

m. 

3 

14 

.083 

490 

24 

1 

3 

1  ft.    9 

m. 

3 

14 

.083 

555 

21 

2 

1 

3  ft.  11 

m. 

3 

14 

.083 

465 

26 

2 

2 

0  ft.    8 

Ln. 

3 

14 

.083 

725 

8 

3 

1 

8  ft.    7 

in. 

3 

19 

.042 

75 

41.5 

4 

1 

8  ft.    7      ] 

n. 

2 

14 

.083 

1400 

23.5 

4 

2 

5  ft.  11 

m. 

2 

14 

.083 

1440 

22 

4 

3 

2  ft.    7 

in. 

2 

14 

.083 

1440 

21 

5 

1 

2  ft.    3      : 

m. 

2 

14 

.083 

1400 

23 

6 

6  ft.    6.  5 

n. 

2.5 

10 

.134 

2530 

24 

7 

6  ft.    0.  0 

n. 

2 

12 

.109 

2440 

27.5 

8 

6  ft.    6.  5  ] 

n. 

2 

10 

.134 

3840 

31 

9 

i 

6  ft.    5.  5 ] 

n. 

2 

19 

.042 

275 

24.5 

9 

2 

3  ft.    4 

in. 

2 

19 

.042 

325 

20 

10 

5  ft.    6.  5  ] 

n. 

2.5 

14 

.083 

710 

23 

11 

4  ft.    7     ] 

n. 

L5 

14 

.083 

2600 

31 

Other  Tests  and  Data 

The  present  paper  was  practically  completed  when  a  paper 
appeared  by  Professor  R.  T.  Stewart,  entitled,  "Collapsing  Pres- 
sures of  Bessemer  Steel  Lap-welded  Tubes,  Three  to  Ten  Inches 
in  Diameter".  This  paper  was  read  by  Professor  Stewart  before 
the  American  Society  of  Mechanical  Engineers  at  the  Chattanooga 
meeting,  May  1  to  4,  1906,  and  at  the  present  writing  is  available 
only  in  the  advance  papers  of  the  meeting.  It  describes  a  very 
complete  and   valuable   investigation   made   at  the  McKeesport 
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Works  of  the  National  Tube  Company  on  the  lap-welded  steel 
tubes  of  that  company,  "the  Tube  Company  generously  providing 
every  needful  facility  for  carrying  on  the  research  in  a  most  thor- 
ough manner".  Tests  on  over  five  hundred  tubes  are  recorded,  so 
that  every  advantage  of  averages  is  gained.  Professor  Stewart's 
tests  are  certain  to  play  an  important  part  in  future  discussions 
of  tube  collapse  on  account  of  the  completeness  and  carefulness  of 
the  work.  The  great  number  of  different  facts  noted  will  be  in- 
valuable to  students,  although  possibly  at  first  confusing  to  some 
readers.  The  method  of  experimenting  is  substantially  the  same 
as  described  in  this  paper,  and  also  the  same  as  was  used  by  Fair- 
bairn.     The  ends  of  the  tested  tubes  were  not  stayed,  and  much 

TABLE  VI 
Data  on  Lap-welded  Bessemer  Steel,  Tubes— Stewart^ 


^ 

^ — ^ 

^ 

^s 

01 

C  s-i  m 

c« 

.a  a 

t 
d 

I  d  i 

f  t    ]3 

I  d   J 

Collaps] 
Pressu 
lb.  per 
in. 

§1 

1= 

.194 

10.026 

.0193 

.000372 

.00000718 

.383 

Table  No.  37 

.354 

8.673 

.0408 

.001670 

.00006800 

2028 

Table  No.  37 

.279 

6.987 

.0400 

.001600 

.00006400 

2147 

Table  No.  36 

.250 

6.677 

.0374 

.001400 

.00005240 

1879 

Table  No.  36 

.186 

6.024 

.0309 

.000950 

.00002940 

1251 

Table  No.  35 

.167 

6.028 

.0277 

.000768 

.00002120 

928 

Table  No.  35 

.327 

4.014 

.0815 

.006640 

.00054000 

5560 

Table  No.  34 

.212 

4.026 

.0527 

.002780 

.00014600 

3170 

Table  No.  34 

.175 

4. '014 

.04.36 

.001900 

.00008300 

2280 

Table  No.  34 

.112 

2.997 

.0374 

.001400 

.00005240 

1860 

Table  No.  34 

.165 

10.041 

.0164 

.000269 

.00000440 

225 

Table  No.  30 

longer  specimens  were  used,  particularly  in  the  first  experiments. 
Most  of  the  experiments  were  on  tubes  of  larger  diameter  than 
ours,  Stewart's  smaller  tubes  being  indeed  the  same  as  our  larger 
tubes.  Stewart's  experiments  are  confined  to  lap-welded  tubes, 
while  the  tests  described  in  the  present  paper  include  also  cold 
drawn  seamless  steel  and  brass  tubes.  The  experiments  thus 
supplement  each  other.  Professor  Stewart  sums  up  the  results 
of  his  work  as  follows:  "The  principal  conclusions  to  be  drawn 
from  the  results  of  the  present  research  may  be  stated  briefly  as 
follows: 

(1)     The  length  of  tube,  between  transverse  joints  tending 
to  hold  it  to  a  circular  form,  has  no  practical  influence  upon  the 


Data  taken  from  a  paper  read  by  Professor  R.  T.  Stewart  before  the  American  Society  of 
Mechanical  Ensrineers,  at  Chattanooga,  May,  1906.    Paper  No.  091. 


14  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

collapsing  pressure  of  a  commercial  lap-welded  steel  tube  so  long 
as  this  length  is  not  less  than  about  six  diameters  of  tube. 

(2)  The  formulae,  as  based  upon  the  present  research,  for 
the  collapsing  pressure  of  modern  lap-welded  Bessemer  steel 
tubes  are  as  follows: 


(a)  P  =  1,000  (1  -  Jl  -  1600-|^) 

(b)  P  =  86,670-^-  1386 

a 

Where  P==  collapsing  pressure,  pounds  per  square  inch; 
d  =  outside  diameter  of  tube  in  inches;  t  =  thickness  of  wall  in 
inches. 

Formula   (a)  is   for  values   of  P  less   than   581  pounds,    or 

for  values  of^  less  than  0.023,  while  formula  (b)    is  for  values 

greater  than  these. 

(3)  The  apparent  fiber  stress  under  which  the  different 
tubes  failed,  varied  from  about  7000  pounds  for  the  relatively- 
thinnest  to  35,000  pounds  per  square  inch  for  the  relatively  thick- 
est walls.  Since  the  average  yield  point  of  the  material  was 
37,000  and  the  tensile  strength  58,000  pounds  per  square  inch,  it 
would  appear  that  the  strength  of  a  tube  subjected  to  a  fluid  col- 
lapsing pressure  is  not  dependent  alone  upon  either  the  elastic 
limit  or  ultimate  strength  of  the  material  constituting  it". 

It  will,  of  course,  be  impossible  to  make  even  an  abstract  of 
Professor  Stewart's  voluminous  data,  but  the  substantial  agree- 
ment of  our  curves  of  results  with  his  will  be  shown  in  the  discus- 
sion. A  considerable  amount  of  experimental  work  was  done  by 
Professor  Stewart  in  reaching  his  first  conclusion,  viz. ,  that  the 
law  of  inverse  lengths  did  not  hold  for  long  tubes.  As  men- 
tioned above,  we  had  reached  this  conclusion  in  experiments  de- 
scribed and  published  before  the  present  experiments  were  begun. 

Rational  Formula 

We  turn  now  to  the  theoretical  discussion  of  tube  collapses. 
The  problem  involved  is  one  of  unstable  equilibrium,  and  as  A.  E. 
H.  Love,  the  author  of  one  of  our  best  theoretical  treatises  on 
elasticity,  says,  belongs  to  one  of  the  most  difficult  chapters  in 
the  theory  of  elasticity.  Within  the  last  eighteen  years,  three 
mathematicians  of  the  University  of  Cambridge,    England,  have 
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discussed  the  problem  of  collapse,  basing  the  discussion  on  the 
general  equations  of  mechanics  and  elasticity. 

Professor  G.  H.  Bryan^  seems  to  have  been  the  first  to  de- 
duce a  formula.  Mr.  A.  B.  Basset"^  soon  after  discussed  the  sub- 
ject and  proved  the  same  formula  in  a  slightly  different  form  and 
by  other  methods.  Mr.  A.  E.  H.  Love,^  in  his  elaborate  treatise 
on  elasticity,  gives  Bryan's  formula  with  a.  new  discussion  and 
with  some  additions.  As  stated  above,  these  discussions  are  all 
based  on  the  general  mathematical  equations  of  elasticity,  and 
are  too  long  and  complicated  to  be  presented  here.  The  results, 
however,  have  been  summed  up  in  excellent  form  by  Love.  He 
says:  "Combining  the  results  of  this  and  the  previous  article, 
we  conclude: 

(1)  That  no  flue,  however  long,  can  collapse  unless  the  pres- 
sure exceed 


2^ 


(2)  That  when  the  pressure  exceeds  this  limit,  any  flue  will 
collapse  if  its  length  exceed  a  certain  multiple  of  the  mean  pro- 
portional between  the  diameter  and  the  thickness". 

In  the  above  formula,  E  is  the  coefficient  of  elasticity;  h  is 
one-half  of  the  thickness;  a  is  the  radius  of  the  mean  section;  and 
o-  is  Poisson's  ratio.  So  far  as  known,  no  use  of  this  formula 
has  been  made  in  experiments  or  in  engineering  practice.  It  has 
been  developed  wholly  from  the  general  theory  of  elasticity,  and 
is  distinctly  limited  by  the  assumptions,  to  thin  tubes,  i.  e.,  where 
"the  thickness  2  li  is  small  compared  with  the  mean  radius  a". 

Previous  to  this  work  of  the  three  Cambridge  mathematicians, 
we  know  of  only  two  published  attempts  to  deduce  a  rational  for- 
mula for  tube  collapses,  one  by  Professor  W.  C.  Unwin  and  the 
other  by  Dr.  F.  Grashof.  Professor  Unwin  was  an  assistant  of 
Fairbairn  in  the  original  experiments,  and  nearly  twenty  years 
later,  in  1876,  gave  a  new  discussion  of  these  experiments.  He 
says  that  the  formulae  which  have  been  based  on  Fairbairn's  ex- 
periments have  no   relation  to  ordinary   formulae  of  applied  me- 

1 

G.  H.  Brj'an,  Application  of  the  Energy  Test  to  the  Collapse  of  a  Long  Thin  Pipe  un- 
der External  Pressure,  Proceedings  of  the  Cambridge  Philosophical  Society,  October  29,  1888. 
Vol.  6. 
2 

A.  B.  Basset,  On  the  Difficulties  of  Constructing    a  Theory   of  the  Collapse  of  Boiler 
Flues,  Philosophical  Magazine.  London,  1892,  Vol.  200,  pp.  221-233. 
3 
A.  E.    H.  Love,    Mathematical    Theory  of    Elasticity,  Cambridge,     1903,   Vol.  II,    pp. 

308-316. 
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chanics,  and  notes  the  advantages  if  "the  collapse  of  tubes  could 
be  expressed  by  the  ordinary  laws  of  the  resistance  of  materials". 
Unwin  then  discusses  tube  collapse  on  the  analogy  of  this  to  the 
failure  of  long  thin  columns,  and  deduces  from  Euler's  formula 
for  columns  a  similar  expression  for  the  collapsing  pressures  of 
tubes.  After  making  certain  assumptions,  he  concludes,  "The 
lowest  collapsing  pressure  for  long  tubes  is: 

8      ^^' 
If  I  is  less  than  28  t,  the  collapsing  pressure  at  the  limit  is : 


-L    max. 


4704 


If  t  is  greater  than  -^rr-  d,   the  formulas  cease  to  be   applica- 
db 

ble".^  The  above  formulae  are  thus  proposed  only  for  very  thin 
tubes.  Unwin  then  modified  his  theory  to  make  it  agree  with 
Fairbairn's  experiments,  and  reached  as  an  approximation  the 
formula  already  quoted  on  page  5.  Like  other  writers,  he  did 
not  appreciate  the  very  limited  range  of  Fairbairn's  experiments 
as  regards  length  of  tubes.  Grashof's  attempt  to  deduce  a  ra- 
tional expression  for  tube  collapses  was  made  much  earlier,  but 
seems  generally  to  have  been  overlooked.  It  is  added  at  the  end 
of  his  paper  on  Fairbairn's  experiments,  in  which  he  gives  the 

empirical  formula  already  noted   on   page   5.      Grashof   deduces 

2k— 

d 


-,    I    3       d 

^       t 

the  formula  where  P  =  collapsing  pressure:  t  =  thickness  of  wall; 
d  =  diameter  of  tube;  A;=  yielding  strength  of  the  material;   and 

a  =   ^  ~     ^  where  a  is  the  maximum  diameter,    and   f>  the  mini- 
a 

mum  diameter  of  the  distorted  tube  at  the  instant  of  failure.^ 


1 

Unwin,  Institution  of  Civil  Engineers.  1876,  Part  IV,  p.  232. 

2 
F.  Grashof,  Zeitschrift  des  Vereines  deutscher  Ingenieure,  Vol.  Ill,  p.  241. 
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Curves  and  Formula 

An  inspection  of  the  data  of  our  experiments  shows  that  the 
portion  of  a  long  tube  affected  by  the  collapse  from  hydraulic 
pressure  is  generally  not  longer  than  twelve  times  the  diameter, 
and  that  for  greater  lengths  the  collapsing  pressure  is  independent 
of  the  length.  The  law  according  to  which  the  collapsing  pres- 
sure varies  inversely  as  the  length,  is  true  only  for  very  short 
tubes,  i.  e.,  tubes  shorter  than  a  certain  "critical  minimum  length", 
which  in  most  cases  is  from  four  to  six  times  the  diameter.  We 
can  thus  omit  further  consideration  of  all  formulae  of  the  Fair- 
bairn  type  in  which  the  length  appears  in  the  denominator. 

All  considerations  show  that  the  collapsing  pressure  of  a  tube 
is  a  function  of  t,  the  thickness  of  the  tube  wall,  and  also  of  d, 
the  diameter,  varying  directly  as  some  function  of  t,  and  inverse- 
ly as  some  function  of  d.  Further,  all  the  theoretical  discussions 
indicate  that  this  collapsing  pressure  varies  as  a  function  of  the 

ratio  — ,  i.  e. ,  that  t  and  d  have  the  same  exponents.  The  sim- 
plest  method  of  showing  and  studying  the  relation  between  p,  the 
collapsing  pressure,  and  the  ratio,  — ,  is  the  graphic  one,  construct- 
ing curves  from  the  experimental  data.  In  Figs.  11,  12  and  13 
such  curves  are  drawn.  In  all  these  curves,  the  ordinates  repre- 
sent the   values    of    P,    and    the    abscissas     represent    the  cor- 

responding  values  of-r p- and  — 3-     Fig.    11  is  for  drawn  brass 

tubes,  Fig.  12  for  cold  drawn  seamless  steel  tubes,  and  Fig. 
13  was  made  by  taking  the  numerical  results  from  Professor 
Stewart's  paper  on  lap-welded  steel  tubes  and  calculating  the 
ratios.  While  our  tables  contain  results  of  a  large  number  of  tests 
of  lap-welded  tubes,  these  tubes  were  all  thick  and  also  of  about  the 
same  thickness,  so  that  they  gave  but  few  points  of  a  curve.  We 
relied  on  the  cold  drawn  steel  and  the  brass  tubes  for  the  form  of 
the  complete  curve,  as  these  tubes  were  more  uniform  in  thick- 
ness, diameter,  and  probably  in  material  also  than  the  lap-welded 
tubes.  The  agreement  in  the  general  shapes  of  these  curves  for 
tubes  of  different  materials  and  from  independent  observations  is 
good  evidence  of  the  general  reliability  of  the  experimental  data. 
An  examination  of  these  curves  shows  the  following: 
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(1)  For  thin  tubes,  i.  e. ,  for  values  of  — -  below  about  .025, 

a 

the  formula,  P  =  /fc    —      ,  is  very  nearly  true.     This  assumes  that 

r  ^  1  ^ 

for  this  portion  of  the  curve  of  P  and  pT"  >  the  curve  is  practical- 
ly a  straight  line.  So  far,  this  is  in  agreement  with  the  theoreti- 
cal conclusions  of  Bryan  and  Unwin.     The  limit  agrees  with  the 

value  of  t=-^,  given  by  Unwin.     The  values  of  k  are  also  of  the 

same  order  as  the  coefficient  of  Bryan's  formula,  although  no 
very  close  agreement  need  be  expected,  as  it  is  difficult  to  get 
extremely  accurate  readings  of  the  small  collapsing  pressures. 
The  constants  have  been  calculated  and  the  formulas  are  as  fol- 
lows: 

(a)  For  thin  brass  tubes: 

P  =  25, 150,000  \~\  ' 

(b)  For  thin  cold  drawn  seamless  steel  tubes: 

P  =  50,200,000  [-4-1  " 

All  of  the  lap-welded  tubes  tested  by  us  were  thick  tubes.  This 
formula  with  practically  the  same  numerical  coefficient  applies  to 
the  thin  tubes  given  in  Stewart's  tables  of  results. 

(2)  The  curve  of  P  and  -—-  is  nearly  straight  for  the  thick 

a 

tubes,  i.  e.,  for  tubes  having  a  value  of  -—  greater  than  about  .03. 

For  thinner  tubes,  the  curve  bends  rapidly  toward  the  axis.  The 
straight  part  of  the  curve  can  evidently  be  represented  by  an 


equation,  P==  A;   , 


c,  where  k  and  c  are  constants.    We  have 


calculated  these  constants  from  our   data,  and  find  the  following 

mlse  for  tubes  h 
(a)     For  brass: 


formulae  for  tubes  having  a  ratio  —  greater  than  .03: 


P  =  93,365-^  — 2474; 
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(b)  For  seamless  cold  drawn  steel: 

P  =  95,520  ^  —  2090; 

(c)  For  lap -welded  steel: 

P=  83, 270  4-— 1025. 
d 

Professor  Stewart  found  for  his  lap-welded  tubes  the  formula 

P=  86,670^ 1386. 

a 

This  formula,  as  thus  stated,  is  purely  empirical,  and  its  lower 
limit  is  entirely  arbitrary.  From  a  suggestion  of  Professor  A. 
N.  Talbot,  department  of  Theoretical  and  Applied  Mechanics, 
University  of  Illinois,  attention  was  called  to  Grashof's  rational 
formula: 

d 


^2        t 


as  a  possible  solution.  When  plotted  for  P  and  — ,  assigning  con- 
stant values  to  k  and  a  ,  this  gives  a  curve  suggesting  the  ex- 
perimental curves  but  no  possible  constant  values  of  k  and  « 
satisfy  the  data.  It  is  probable  that  «•  is  not  a  constant,  being 
approximately  so  for  thick  tubes,  but  having  quite  different  val- 
ues for  thin  tubes.  The  formula  thus  becomes  too  complicated  for 
use.  The  above  formulae  and  their  limits  are  suggestive  in  show- 
ing where  the  stiffness  of  the  material  is  the  important  factor,  and 
where  the  eflezt  of  the  strength  of  the  material  comes  in  as  the 
controlling  factor.  Bryan's  formula  for  thin  tubes  involves  the 
modulus  of  elasticity,  not  the  strength  of  the  material.  If  we 
suppose  that  such  a  formula  as  Grashof's  rational  form  ex- 
presses the  facts  for  thick  tubes,  the  yield  point  of  the  material 

is  the  factor. 

C    t  ']^  . 
(3)     An  approximate  formula  of  the  form  P  =  A;  I  —      is  sug- 
gested by  the  curves  of  P  and  ^  r,  particularly  for  the    steel 


tubes.     For  cold  drawn  seamless  steel  tubes,  this  approximate 
formula  is 

P  =  1,000,000      I  J_ 
d 
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and  this  can  be  used  for  tubes  for  which  — -  is  less  than  .06.    For 

d 

lap- welded  steel  tubes,  the  same  formula  becomes 

'   t  ^  " 


1,250,000 


d 


and  this  can  also  be  used  for  values  of  — r  less  than  .06.  Thisap- 

d 

proximate  formula  has  been  useful  to  us  in  getting  probable  col- 
lapsing pressures,  and  gives  satisfactory  rough  values  for  tubes 
of  the  most  common  commercial  thickness. 

In  applying  any  formula  to  calculate  the  collapsing  pressure 
of  a  particular  tube,  a  considerable  factor  of   safety  should  be 

used.  The  constants  in  all  these  formulae  are  large,  and  — -  for 
a  power  of  — )  is  a  comparatively  small  quantity,  so  that  a  small 

CI/ 

change  in  the  numerical  value  of  —    greatly  affects  the    result. 

Lack  of  uniformity  in  the  material,  and  slight  deformations  are 
also  very  important  factors.  It  is  to  the  credit  of  modern  manu- 
facturers of  tubes  that  their  product  is  as  uniform  as  these  tests 
show.  With  the  knowledge  which  this  discussion  gives  of  the 
law  of  tube  collapse,  the  user  of  tubes  is  in  a  position  to  calculate 
with  fair  approximation  the  collapsing  pressure,  particularly  if 
he  can  get  tests  made  of  one  or  more  sample  tubes  of  the  mater- 
ial so  as  to   fix  the  constants. 

While  the  advance  in  this  field  of  investigation  is  thus  con- 
siderable, yet  much  work  remains  to  be  done  especially  in  connec- 
ting the  subject  more  closely  with  the  ordinary  equations  of  elas- 
ticity. 
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HOLDING  POWER  OF  RAILROAD    SPIKES 
By  Eoy  I.  Webbek,  C.  E.,  Instructor  in  Civil  Engineering 

The  determination  of  a  proper  fastening  between  the  rail  and 
the  tie  has  become  a  matter  of  considerable  importance.  During 
the  period  when  the  supply  of  suitable  hard  wood  timber  was  suf- 
jEicient,  the  ordinary  spike  satisfactorily  fulfilled  the  require- 
ments of  traffic;  but  with  the  increase  in  the  amount  of  traffic 
handled,  and  the  heavier  weights  of  cars  and  locomotives,  and 
also  with  the  use  of  soft  deciduous  and  coniferous  woods  for  ties, 
the  common  spike  has  proved  deficient.  Variations  in  the  form 
of  the  ordinary  spike  have  been  developed,  and  new  forms  of 
spikes  have  been  devised  in  an  attempt  to  overcome  the  loss  of 
efficiency  attendant  upon  the  use  of  inferior  timbers. 

In  view  of  these  conditions,  and  the  meager  supply  of  pub- 
lished data  on  the  holding  power  of  spikes  in  ties,  the  writer  has 
carried  out  a  series  of  experiments  to  determine  the  resistance  to 
withdrawal  offered  by  the  same  type  of  spike  in  different  timbers 
and  by  different  forms  of  spikes  in  the  same  timber,  and  also  to 
determine  whether  or  not  the  preservative  has  any  influence  upon 
this  resistance. 

The  writer  wishes  to  express  his  thanks  for  the  hearty  co- 
operation received  from  the  various  persons,  firms  and  corpora- 
tions mentioned  in  the  text.  He  wishes  also  to  express  his  in- 
debtedness for  personal  aid,  to  Mr.  Robert  Trimble,  Chief  Engin- 
eer Maintenance  of  Way,   Pennsylvania   Lines;    Mr.  George  E. 
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TABLE  I 
Description  of  the  Ties 


No.  of 

Kind  of 

Kind  of 

Date 

Bemarks 

Tie 

Timber 

Treatment 

Treated 

1 

Blue  Ash 

Zinc-Creosote 

1905 

Seasoned;  sound 

2 

Blue  Ash 

Zinc-Creosote 

1905 

Seasoned 

sound 

3 

Sweet  Gum 

Zinc-Creosote 

1904 

Seasoned 

sound 

4 

Water  Oak 

Zinc-Tannin 

1904 

Seasoned 

sound 

5 

Water  Oak 

Zinc-Tannin 

1904 

Seasoned 

sound 

6 

Bed  Oak 

Zinc-Tannin 

1904 

Seasoned 

sound 

7 

Bed  Oak 

Zinc-Creosote 

1905 

Seasoned 

sound 

8 

Bed  Oak 

Zinc-Creosote 

1905 

Seasoned 

sound 

9 

Bed  Oak 

Zinc-Tannin 

1904 

Seasoned 

sound 

10 

Bock  Elm 

Zinc-Creosote 

1905 

Seasoned 

sound 

11 

Poplar 

Zinc-Creosote 

1905 

Seasoned 

sound 

12 

Elm 
Elm 

Seasoned 
Seasoned 

sound 

13 

sound 

14 

Beech 

Seasoned 

sound 

15 

Elm 
Black  Oak 

1902 

Seasoned 

snnnrJ 

16 

Zinc-Creosote 

Seasoned 

17 

Bed  Oak 

Zinc-Creosote 

1902 

Seasoned 

18 

Black  Oak 

Zinc-Creosote 

1902 

Seasoned 

19 

Poplar 

Zinc-Creosote 

1902 

Seasoned 

20 

Loblolly 
Pine 

Zinc-Tannin 

1905 

Treated    Decem- 
ber, 1905;           sound 

21 

Lob'y  Pine 

Zinc-Tannin 

1905 

Treated  Dec;  '05;  sound 

22 

Bed  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05;  split 

23 

Black  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

24 

Black  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

25 

Water  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

26 

Water  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

27 

Black  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

28 

Bed  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

29 

Water  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

30 

Bed  Oak 

Zinc-Tannin 

1905 

Treated  Dec;  '05 

31 

■  White  Oak 
White  Oak 

(  Seasoned;   in   track 

32 

1         two  years 

-  Indiana   Oak;   sap 

wood  showed  slight 

decay 

33 

White  Oak 

Georgia  Oak;  seasoned; 

sound 

34 

Water  Oak 

Creosote 

1904 

Sound 

35 

Burr  Oak 

Creosote 

1904 

Sound 

36 

Beech 

Creosote 

1904 

Sound 

37 

Elm 

Creosote 

1904 

Sound 

38 

Beech 

Sound 

39 

Lob'y  Pine 
Chestnut 
Bed  Oak 

1904 

Seasoned;  sound 

40 

Seasoned;  sound 

41 

Creosote 

Showed  tendency  to  split 

42 

Beech 
Beech 
Beech 

Sound 

43 

Sound 

44 

Sound 

plate:    I 


Testing  Machine  with  Tie  in  Position  for  Test 
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Boyd,  Roadmaster  of  the  Illinois  Central  Railroad;  Mr.  A.  L. 
Kuehn,  Superintendent  of  Maintenance  of  Way,  of  the  Cleveland, 
Cincinnati,  Chicago  and  St.  Louis  Railway;  Dr.  Octave  Chanute, 
President  of  the  Chicago  Tie  Preserving  Company,  Chicago,  Illi- 
nois; and  to  Professor  Ira  O.  Baker  and  Professor  C.  H.  Hurd  of  the 
University  of  Illinois. 

The  Ties 

The  ties  used  in  these  experiments  were  furnished  gratuitous- 
ly as  follows:  Nos.  1  to  11,  and  16  to  30  by  the  Chicago  Tie  Pre- 
serving Company,  Chicago,  Illinois;  Nos.  12  to  15  by  the  Illinois 
Central  Railroad  Company;  Nos.  31  to  41  by  the  Cleveland,  Cincin- 
nati, Chicago  and  St.  Louis  Railroad  Company.  Table  I  gives 
a  description  of  the  several  ties  used.  The  ties  were  taken  either 
from  the  stock  pile  of  the  railroad  companies  or  from  those  of  the 
'  _g  plant.     No  attempt  has  been  made  to  trace  their  history 

_  Lxxsr  back  than  the  place  of  growth  and  the  date  of  treatment, 
eaucd  uies  were  used  in  a  majority  of  the  experiments,  since  in 
>'dture,  as  the  inferior  grades  are  pressed  into  service,  the  ten- 
ij  will  doubtless  be  toward  tlie  use  of  preserved  timber. 

Experiments 

Two  distinct  lines  of  experiments  were  undertaken:  (1)  The 
determination  of  the  resistance  to  direct  pull  of  several  forms  of 
spikes;  and  (2)  An  investigation  of  the  resistance  to  lateral  thrust. 
Therefore  the  paper  naturally  divides  itself  into  two  parts:  Part 
I,  Resistance  to  Direct  Pull;  Part  II,  Resistance  to  Lateral  Dis- 
placement. 

All  of  the  experiments  were  made  in  the  Laboratory  of  Ap- 
plied Mechanics,  University  of  Illinois. 

PART  I     RESISTANCE  TO  DIRECT  PULL 

The  experiments  were  made  with  a  Riehle  100,000-pound 
testing  machine.  Plate  I  shows  the  machine  with  a  tie  in  position 
for  a  test.  The  pulling  device  for  ordinary  spikes,  also  shown  in 
Plate  I,  was  a  Verona  spike- puller  threaded  into  a  piece  of  steel 
gripped  between  the  lower  jaws  of  the  machine;  the  pulling  de- 
vice for  the  screw  spikes  was  of  the  same  general  pattern  and 
was  designed  especially  for  these  tests.  A  scale  graduated  to  1-16 
of  an  inch  was  so  set  that  the  distance  moved  through  the  lower 
head  of  the  machine  could  be  measured  directly.     A  load  of  500 
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pounds  was  applied  to  insure  tlie  tie's  having  a  good  bearing  be- 
fore any  records  were  taken.  The  machine  was  geared  to  move 
at  the  rate  of  5-8  of  an  inch  per  minute,  which  allowed  time  for 
carefully"  balancing  the  machine  and  for  taking  the  readings  of 
the  scales.  Five  observations  were  usually  taken;  viz.,  when  the 
lower  head  of  the  machine  had  moved  through  1-8,  1-4,  1-2  and  3-4 
of  an  inch,  and  also  at  the  point  at  which  the  maximum  fiber  resist- 
ance was  developed.  No  observations  were  made  after  the  spike 
had  been  pulled  3-4  of  an  inch,  as  it  would  have  lost  its  usefulness 
long  before  that  point  had  been  reached. 

Further  consideration  of  this  part  of  the  paper  will  be  contin- 
ued under  the  following  heads:  Art.  1,  Holding  Power  of  Ordinary 
Spikes;  Art.  2,  Holding  Power  of  Screw  Spikes  without  Linings; 
and  Art.  3,  Holding  Power  of  Screw  Spikes  with  Helical  Linings. 

Art.  1      Holding  Power  of  Ordinary  Spikes 

The  ordinary  spikes  were  received  from  the  following  com- 
panies, the  numbers  in  this  list  being  the  designations  in  the  sub- 
sequent tables:  Nos.  1  and  2  from  the  Pennsylvania  Railroad  Com- 
pany; Nos.  3  and  4  from  the  American  Iron  and  Steel  Manufactur- 
ing Compa.ny,  Scranton,  Pennsylvania;  Nos.  5  to  10  from  Dill- 
worth,  Porter  and  Company,  Pittsburg,  Pennsylvania;  No.  11 
from  the  W.  A.  Zelnicker  Supply  Company,  St.  Louis,  Missouri, 
and  Nos.  12  to  14  from  the  Illinois  Steel  Company,  Chicago, 
Illinois. 

The  nominal  dimensions  of  the  four  sizes  of  spikes  are  shown 
in  Table  II.  The  actual  lengths  varied  considerably  from  the 
nominal  lengths,  usually  being  less.  This  was  particularly  true 
concerning  the  6-inch  spike.  The  actual  cross  sections  were  nearly 
the  same  as  the  nominal,  the  variation  in  thickness  rarely  being 
over  1-64  of  an  inch.  As  the  range  in  thickness  of  the  spikes 
was  only  1-16  of  an  inch,  some  experiments  were  made  with  plain, 
square  and  chisel- pointed  bars  1-2,  3-4,  and  7-8  of  an  inch  thick  to 
determine  the  relation  between  the  holding  power  and  the  cross 
section.  The  spikes  had  differently  shaped  points,  as  shown  in 
Table  II.  Three  spikes  were  used  for  each  experiment,  and  these 
three  were  always  of  the  same  size  and  lot  number. 

The  spikes  were  driven  by  Mr.  M.  Flood,  an  experienced 
track  foreman  detailed  for  this  purpose  by  the  division  engineer 
of  the  Cleveland,    Cincinnati,    Chicago   and    St.    Louis  Railway. 
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TABLE  II 

Description  of  the  Ordinary  Spikes 


1-4 

^  S 

83 

Nominal 
Length, 
inclies 

Section, 
inches 
square 

1 

Area, 
square 
inches 

Tvpe  of 
Point 

Depth 
Inserted, 
inches 

Condition 

of 
Surface 
of  Spike 

1 

6 

5-8 

0.372 

Chisel 

5 

Smooth 

2 

5  1-2 

5-8 

0.372 

Chisel 

5 

Smooth 

3 

5  1-2 

5-8 

0.372 

Blunt 

5 

Smooth 

4 

5  1-2 

5-8 

0.372 

Blunt 

5 

Smooth 

5 

6 

5-8 

0.372 

Sharp 

5 

Smooth 

6 

5  1-2 

19-32 

0.352 

Sharp 

5 

Smooth 

7 

5  1-2 

19-32 

0.352 

Chisel 

5 

Smooth 

8 

6 

5-8 

0.372 

Blunt 

5 

Smooth 

9 

5  1-2 

9-16 

0.316 

Blunt 

5 

Smooth 

10 

5  1-2 

9-16 

0.316 

Sharp 

5 

Smooth 

11 

5  1-2 

9-16 

0.316 

Chisel 

5 

Smooth 

12 

5  1-2 

9-16 

0.316 

Sharp 

5 

Smooth 

13 

5  1-2 

9-16 

0.316 

Chisel 

5 

Smooth 

14 

6 

5-8 

0.372 

Chisel 

5 

Smooth 

Whole  ties  were  used  to  insure  freedom  from  splitting  in  driving 
the  spikes,  and  care  was  exercised  to  avoid  driving  the  spike  into 
knots  or  cracks.  The  spikes  were  driven  into  the  tie  to  a  depth 
of  5  inches.  In  some  instances,  as  shown  in  the  record,  holes 
were  bored  for  the  ordinary  spikes,  the  hole  being  1-16  or  1-8  of  an 
inch  less  in  diameter  than  the  cross  sectional  dimensions  of  the 
spike.  The  depth  of  boring  was  not  quite  as  great  as  the  depth 
of  insertion,  so  that  the  pointed  end  of  the  spike  was  forced  into 
the  undisturbed  wood.  Table  III  gives  the  detailed  numerical  re- 
sults of  the  tests  and  Plates  II  and  III  show  graphically  the  curves 
of  average  resistances  of  the  different  ties. 
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PLATE    III 
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TABLE  III 
Detailed  Eecord  of  Tests  of  Direct  Pull,  oe  Ordinary  Spikes 


Resistance 

in  Pounds 

Maximum 

for  Pull  of 

Eesistance 

Kind  of 

tance 

thdrawn, 

hes 

Tie 

6 

6 

% 
a; 

6 

CO 

c 

H 

a 

00 

1—1 

1—1 

o 

Blue  Ash 

1 

12 

1 

1800 

4460 

5220 

4450 

6840 

3-8 

2 

4040 

5060 

4510 

3990 

7260 

3-16 

3 
Av. 

4270 

4340 

3860 

3370 

6330 

3-16 

4150 

4630 

4530 

3970 

6810 

3-16 

•:> 

6 

1 

2220 

4700 

5250 

5230 

8740 

3-8 

2 

3390 

6940 

4710 

4710 

8020 

5-16 

3 
Av. 

2860 

5670 

4890 

4830 

8540 

3-8 

3000 

5770 

4890 

4830 

8640 

3-8 

Sweet  Gum 

3 

5 

1 

2630 

1930 

2010 

2220 

4300 

3-16 

9 

3940 

4010 

3000 

2550 

5640 

3-16 

3 
Av. 

5180 

3920 

4620 

4560 

5180 

1-8 

3920 

3960 

2690 

2470 

5040 

3-16 

3 

14 

1 

2900 

4030 

3260 

2720 

5610 

3-16 

9 

3470 

4100 

2750 

2780 

5370 

3-16 

3 
Av. 

3540 

3580 

3030 

2500 
2640 

4900 

3-16 

3300 

3900 

3010 

5330 

3-16 

3 

5 

1 

3030 

5100 

2930 

2930 

5100 

1-4 

2 

2690 

5570 

4040 

3100 

5570 

1-4 

3 
Av. 

5030 

3400 

5700 

3-16 

3580 

4370 

3440 

3420 

5440 

1-4 

3 

11 

1 

2110 

4030 

2340 

1680 

4030 

1-4 

2 

2780 

3190 

2320 

4810 

3-16 

3 
Av. 

1680 

4100 

3730 

3340 

4980 

5-16 

2190 

3770 

2790 

2510 

4610 

1-4 

3 

3 

1 

2650 

6500 

4410 

4030 

6500 

1-4 

2 

3890 

4100 

3590 

3340 

5460 

3-16 

3 
Av. 

2910 

6180 

4800 

4070 

6180 
6050 

1-4 

3150 

5590 

4190 

3810 

1-4 

WEBBER — HOLDING   POWER   OF    RAILROAD    SPIKES 
TABLE  111— Gontmued 


Resistance  in  Pounds 

Maximum 

For  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

a; 

o 

CD 

CM 

d 

CD 

H 

o 
g 

op 
1— ( 

o 

l-H 

O 

(^^ 

I— 1 

o 

C 
o 

Water  Oak 

4 

14 

1 

2790 

6580 

4190 

3930 

7560 

5-16 

2 

3300 

7060 

2970 

2940 

7060 

1-4 

3 
Av. 

2220 

5330 

3920 

3200 

7740 

5-16 

2770 

6320 

3660 

3360 

7450 

5-16 

5 

14 

1 

2870 

6040 

4270 

3400 

7720 

5-16 

• 

2 
3 

Av. 

1610 

4460 

5060 

4240 

7780 

3-8 

2240 

5250 

4660 

3820 

7750 

3-8 

26 

14 

1 

2560 

5430 

3610 

3530 

6150 

1-4 

2 

3440 

3340 

3050 

2590 

4960 

3-16 

3 
Av. 

3160 

3200 

3210 

5810 

3-16 

3050 

4380 

3290 

3110 

5640 

3-16 

29 

14 

1 

1580 

3900 

3970 

3160 

6000 

5-16 

2 

1470 

3550 

3450 

3090 

5110 

5-16 

3 
Av. 

2190 

4070 

2990 

4070 

1-4 

1740 

3840 

3470 

3130 

5060 

5-16 

4 

6 

1 

'i960 

6030 

5420 

4530 

8690 

5-16 

2 

2390 

5320 

8040 

3-8 

3 
Av. 

3200 

6380 

4380 

4100 

7320 

5-16 

2520 

5920 

4900 

4320 

8020 

5-16 

5 

6 

1 

2750 

6070 

5260 

4560 

8580 

3-8 

2 

4330 

4890 

3430 

3040 

5270 

3-16 

■ 

3 
Av. 

1610 

4360 

3190 

3020 

4760 

1-4 

2930 

5240 

3960 

3870 

6200 

1-4 

25 

7 

1 

3370 

3860 

3380 

3180 

4910 

3-16 

2 

1800 

5440 

3370 

3130 

5440 

1-4 

3 
Av. 

2550 

4490 

3680 

3230 

4490 

1-4 

2570 

4600 

3380 

3180 

4940 

1-4 

26 

6 

1 

3200 

5300 

4020 

3820 

5300 

1-4 

2 

2130 

5710 

4200 

3700 

5710 

1-4 

3 
Av. 

3500 

5820 

4620 

4340 

5820 

1-4 

2940 

5610 

4280 

3950 

5610 

1-4 

10  ILLINOIS    ENGINEERING   EXPERIMENT    STATION 

TABLE  111— Continued 


Kesistance 

in  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

o 

CO 

6 

o 

op 

o 
1-A 

o 

1— I 

o 
CO 

o 

Water  Oak 

29 

6 

1 

2810 

4480 

3750 

3160 

4480 

1-4 

2 

4620 

4070 

3720 

4760 

3-16 

3 
Av. 

3720 
3720 

3450 

2910 

3720 

1-8 

3970 

3240 

3440 

4320 

3-16 

4 

13 

1 

2820 

5920 

4360 

4360 

9000 

3-8 

2 

3130 

5600 

4170 

3460 

7450 

5-16 

3 
Av. 

3430 

6330 

4440 

4060 

9000 

3-8 

3160 

5980 

3320 

4260 

8380 

3-8 

5 

11 

1 

3000 

6020 

3340 

2750 

6240 

5-16 

2 

3200 

8010 

4720 

5300 

9180 

5-16 

3 
Av. 

3230 

5800 

3900 

3890 

6490 

5-16 

3140 

6610 

3950 

3980 

7300 

5-16 

26 

11 

1 

3080 

2650 

2270 

4240 

3-16 

2 

2270 

5090 

3360 

2940 

5090 

1-4 

3 
Av. 

1990 

5420 

3610 

3000 

5420 

1-4 

2450 

5260 

5210 

2770 

4920 

1-4 

25 

13 

1 

2440 

5100 

4230' 

3640 

6450 

5-16 

2 

3440 

6680 

4000 

3980 

6680 

1-4 

3 
Av. 

1840 

3710 

2830 

2540 

4550 

5-16 

3570 

5160 

3680 

3380 

5860 

5-16 

34 

13 

1 

2340 

5620 

5770 

5080 

9070 

3-8 

2 

1700 

3730 

2830 

2260 

4970 

5-16 

3 
Av. 

3360 

6560 

3600 

3010 
3950 

6560 

6870 

1-4 

2470 

5300 

4070 

5-16 

34 

14 

1 

4090 

7000 

4070 

4020 

8430 

5-16 

2 

3090 

6780 

3550 

2900 

6780 

1-4 

3 
Av. 

3180 

7280 

4660 

2870 

8040 

5-16 

3450 

7020 

4090 

3260 

7750 

5-16 

34 

6 

1 

2370 

4720 

4940 

4730 

6400 

5-16 

■  2 

3010 

6670 

5210 

4930 

7360 

5-16 

3 
Av. 

3900 

8130 

5060 

4540 

8130 

1-4 

3130 

6510 

5070 

4740 

7290 

5-16 

WEBBER — HOLDING    POWER    OF   RAILROAD 
TABLE  111— Continued 


SPIKES 


11 


Resistance 

in  Pounds 

Maximum 

for  Pull  of 

Kesistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

o 

GO 

d 

CO 
0) 

o 

c 

.1-4 

00 

■A 

o 

c 

CO 

Black  Oak 

16 

8 

1 

3010 

6880 

5950 

4930 

9000 

3-8 

2 

7220 

4380 

9100 

3-8 

3 
Av. 

3880 

8500 

4620 

3180 

8700 

5-16 

3450 

7530 

5300 

4160 

8940 

3-8 

16 

14 

1 

3230 

6110 

3270 

2890 

6110 

1-4 

9 

6280 

4120 

3760 

6540 

5-16 

3 
Av. 

2090 

4390 

3980 

3540 

7760 

3-8 

2660 

5590 

3790 

3390 

6810 

5-16 

23 

1 

1 

2980 

6740 

3460 

3290 

8210 

5-16 

2 

3380 

7940 

4290 

3850 

7940 

1-4 

3 
Av. 

1220 

2920 

4050 

9060 

1-2 

2200 

5130 

3870 

3730 

8070 

3-8 

27 

5 

1 

3430 

8070 

5300 

4740 

10000 

5-16 

2 

5910 

4500 

4170 

8970 

5-16 

3 
Av. 

2870 

7570 

4200 

3850 

7070 

1-4 

3150 

7020 

4670 

4250 

8680 

5-16 

27 

8 

1 

3510 

8470 

3370 

3370 

8470 

1-4 

2 

2750 

7130 

2900 

2930 

8780 

5-16 

3 
Av. 

2940 

6690 

4480 

2940 

1-4 

3070 

7430 

4600 

3080 

8620 

1-4 

18 

11 

1 
9 

2650 

5240 

3340 

2670 

7130 

5-16 

3 
Av. 

2660 

mo 

5040 

4440 

8250 

9-16 

2660 

5720 

4190 

3550 

7690 

5-16 

18 

10 

1 

1700 

3410 

3330 

2570 

5860 

3-8 

2 

2120 

3900 

3170 

2900 

5660 

3-8 

3 
Av. 

2250 

4000 

2830 

3090 

4000 

1-4 

2020 

3770 

3110 

2850 

4880 

3-8 

16 

11 

1 

3650 

5890 

4010 

3410 

5890 

1-4 

2 

4370 

4430 

3790 

3550 

6170 

3-16 

3 
Av. 

2400 

6230 

5320 

4380 

8620 

5-16 

3470 

5520 

4370 

3780 

6890 

1-4 

12  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

TABLE  lll—C07itinued 


Resistance 

in  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

CD 

o 
'a 

CO 

6 

1 

CO 

o 

l-H 

.CI 

o 
c 

rH  . 

CO 

C 
O 

Black  Oak 

27 

11 

1 

4900 

7070 

3890 

3140 

7070 

1-4 

2 

3780 

5740 

3670 

3260 

5740 

1-4 

3 

Av. 

2730 

6550 

3440 

6550 

1-4 

3800 

6450 

3780 

3280 

6450 

1-4 

24 

10 

1 

3950 

6580 

4150 

3650 

6880 

1-4 

2 

1810 

4050 

3460 

2780 

6510 

5-16 

3 
Av. 

2960 

5390 

3600 

3410 

6500 

5-16 

2910 

5340 

3740 

3280 

6530 

5-16 

24 

4 

1 

2330 

5070 

5820 

5710 

7740 

3-8 

2 

1880 

5570 

4320 

3740 

7010 

5-16 

3 
Av. 

3450 

6500 

4300 

3800 

7360 

,5-16 

2550 

5710 

4810 

4740 

7240 

5-16 

23 

7 

1 

1820 

4690 

2800 

2880 

5-16 

2 

2250 

4110 

5520 

3880 

8790 

7-16 

3 
Av. 

2960 

7120 

4590 

3620 

7120 

1-4 

2340 

5760 

3930 

3120 

7700 

3-8 

24 

6 

1 

2520 

6110 

4040 

3490 

7070 

5-16 

2 

1810 

5710 

4160 

3490 

7070 

5-16 

3 
Av. 

3020 

6480 

3980 

3710 

7360 

5-16 

2650 

6130 

4030 

3560 

7130 

5-16 

Ked  Oak 

6 

8 

1 

2 

1870 

4750 

4410 

4190 

7190 

3-8 

3 

Av. 

2320 

6750 

4150 

3760 

8300 

5-16 

2050 

5750 

4280 

3980 

7750 

3-8 

9 

8 

1 

2210 

5460 

4310 

4100 

7300 

5-16 

2 

2940 

6840 

3730 

3370 

7200 

5-16 

3 
Av. 

3170 

6570 

3410 

3360 

6570 

1-4 

2640 

6290 

3820 

3610 

6790 

5-16 

WEBBER — HOLDING   POWER   OF   RAILROAD    SPIKES 
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TABLE  III— ConimuecZ 

Eesistance  in  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Tie 

d 

6 

^ 

o 

O 

"o 

% 

'o 

cc 

'a 

CO 

-t2 

CO 
CD 

CO   ■ 
I— 1 

]— 1 

i-H 

O 

Dista 
With 
inche 

Red  Oak 

7 

1 

1 

1450 

3300 

8700 

4920 

9210 

5-8 

2 
3 

Av. 

2030 

4200 

7780 

4220 

8800 

7-16 

1740 

3750 

8240 

4570 

9000 

1-2 

8 

8 

1 

1570 

3100 

2910 

2600 

7330 

7-16 

2 

1730 

3750 

3220 

2990 

7230 

7-16 

3 

Av. 

1950 

4890 

4200 

3220 

8970 

7-16 

1680 

3910 

3440 

2920 

7840 

7-16 

22 

8 

1 

2500 

3940 

2760 

2770 

5120 

3-16 

2 

2970 

2890 

2510 

2370 

4990 

3-16 

3 

3490 

3490 

2460 

2370 

5270 

3-16 

4 

2210 

4670 

2570 

2550 

4670 

1-4 

5 

3770 

3250 

2620 

2440 

5150 

3-16 

6 

Av. 

2620 

5490 

3780 

3400 

5490 
5120 

1-4 

2930 

3950 

2800 

2650 

3-16 

41 

1 

1 

2170 

4400 

4540 

3630 

7040 

5-16 

2 

3900 

3650 

2230 

2420 

6040 

3-16 

3 
Av. 

1930 

4300 

2690 

2530 

5650 

5-16 

2660 

4110 

3150 

2860 

6240 

1-4 

.17 

1 

1 

1710 

5030 

5420 

6260 

9720 

3-8 

2 

2240 

5240 

9900 

6710 

11900 

1-2 

3 
Av. 

3280 

6400 

7550 

7020 

10940 

7-16 

2410 

5560 

7620 

6660 

10850 

3-8 

6 

12 

1 

3520 

4480 

3300 

2910 

5950 

3-16 

2 

3700 

3500 

3640 

6930 

1-4 

3 

3690 

3710 

3080 

4460 

3-16 

4 

Av. 

3320 

4350 

3550 

2990 

6240 
5900 

3-16 

3550 

4410 

3520 

3150 

3-16 

6, 

11 

1 

2150 

5330 

4640 

3420 

7580 

5-16 

2 

2990 

7830 

4570 

3200 

7830 

1-4 

3 

Av. 

3240 
2760 

7000 

4710 

3670 

8280 

5-16 

6740 

4640 

3430 

i  7890 

5-16 

14  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


TABLE  HI— Continued 


Resistance 

in  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 
a; 

o 

6 

m 

Xi 
o 

.S 

op 
1—1 

o 
a 

-A 

Xi 
o 

.S 

CM 

CO 

C 
O 

Eed  Oak 

7 

12 

1 

2430 

5010 

7120 

5630 

9080 

3-8 

2 
3 

Av. 

3430 

6110 

4930 

4300 

7020 

5-16 

2930 

5560 

6030 

4960 

8030 

3-8 

9 

12 

1 

3530 

5410 

3790 

3680 

5410 

1-4 

2 

3000 

6280 

3950 

•3510 

6280 

1-4 

• 

3 
Av. 

3720 

7140 

4350 

4300 

7140 

1-4 

3420 

6280 

4030 

3830 

6280 

14 

9 

13 

1 

3270 

3790 

3630 

7030 

1-4 

2 

3740 

4600 

3730 

3110 

6660 

3-16 

• 

3 
Av. 

3690 

4610 

3540 

3180 

6130 

3-16 

3560 

4600 

3680 

3320 

6610 

3-16 

11 

12 

1 

2 
3 

Av. 

11620* 

11230 

10630 

11490 



28 

12 

1 

3430 

3130 

6390 

1-4 

2 

3910 

7150 

4410 

3480 

7150 

1-4 

3 
Av. 

3810 

5000 

4270 

3670 

6760 

3-16 

3860 

6080 

4040 

3530 

6770 

1-4 

28 

11 

1 

5200 

3710 

8200 

5-16 

2 

6250 

im 

3280 

2600 

6250 

1-8 

3 
Av. 

2880 

6870 

3740 

3280 

6870 

1-4 

4570 

5440 

4070 

3200 

7100 

1-4 

8 

12 

1 
2 

3030 

2680 

6800 

6080 

4950 

9420 

5-16 

3 

Av. 

3580 

6250 

6680 

4640 

9240 

3-8 

3060 

6530 

6380 

4790 

9330 

5-16 

*This  was  the  first  tie  tested,  and.  gave  unusually  high  results. 


WEBBER — HOLDING   POWER   OF    RAILROAD    SPIKES 
TABLE  111— Continued 
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16  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

TABLE  III- -Continued 


Kesistance 

in  Pounds 

Maximum 

for  Pull  of 

Eesistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

CD 

o 

CO 

6 

CO 

c 

i-H 

1-2  inch 

3-4  inch 

O 
P4 

Burr  Oak 

35 

8 

1 

2690 

7040 

4820 

4110 

10090 

3-8 

2 
Av. 

2740 

5840 

4060 

3700 

7920 

3-16 

2710 

6440 

4440 

3950 

9000 

1-4 

White  Oak 

31 

1 

1 

3240 

7030 

3400 

3140 

7030 

1-4 

2 

2430 

5870 

4390 

3850 

7580 

3-8 

3 
Av. 

3700 

7500 

4180 

3330 

7500 

1-4 

3150 

6800 

3990 

3440 

7370 

3-16 

31 

14 

1 

4020 

3600 

3280 

7830 

3-16 

2 

3960 

7100 

4000 

3750 

7100 

1-4 

3 
Av. 

2250 

5580 

3650 

3200 

8980 

3-8 

3110 

5560 

3750 

3410 

7940 

3-16 

33 

1 

1 

4220 

3570 

3810 

3040 

7520 

3-16 

0 

1950 

3670 

4640 

3340 

6940 

3-8 

3 
Av. 

3190 

5260 

3810 

3500 

6410 

5-16 

3120 

4160 

4090 

3290 

6990 

5-16 

32 

7 

1 

3860 

9440 

5930 

4650 

9440 

1-4 

v) 

3460 

6400 

3710 

3680 

8650 

5-16 

3 
Av. 

1610 

3740 

4670 

5570 

9360 

1-2 

2980 

6530 

4770 

4300 

9150 

3-8 

33 

7 

1 

4790 

3910 

2860 

2530 

5750 

.3-16 

0 

4150 

4930 

3510 

3270 

6500 

3-16 

3 
Av. 

4630 

3840 

3070 

2450 

6030  . 

3-16 

4520 

4230 

3150 

2750 

6090 

3-16 

32 

10 

1 

2400 

3490 

8280 

3820 

8280 

1-2 

9 

3100 

4840 

5410 

3880 

10190 

3-8 

3 
Av. 

2570 

6410 

10670 

4400 

10670 

1-2 

2690 

4910 

8120 

4030 

9710 

1-2 

33 

10 

1 

2930 

5490 

2390 

2330 

5490 

1-4 

2 

3080 

6360 

2860 

2460 

6360 

1-4 

3 
Av. 

3890 

6810 

3540 

3360 

6810 

1-4 

3300 

6220 

2930 

2720 

6220 

1-4 

WEBBER — HOLDING    POWER   OF    RAILROAD    SPIKES 
TABLE  HI— Continued 


J7 


Resistance 

in  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

c 

Tie 

6 

o 
a 

CO 

d 

c 

op 
1—1 

1-4  inch 

13 

CO 

0 

Distance 

Withdraw 

inclies 

White  Oak 

32 

9 

1 

3630 

7500 

5340  . 

4650 

9640 

3-8 

2 

2960 

6760 

4250 

4500 

10650 

3-8 

3 
Av. 

3490 

8270 

4810 

4590 

10750 

5-16 

3360 

7510 

4800 

4430 

10350 

3-8 

31 

3 

1 

5200 

4330 

8380 

3-8 

2 

4666 

7490 

3980 

3770 

7490 

1-4 

3 
Av. 

4100 
4050 

8450 

5010 

4240 

8450 

1-4 

7920 

4730 

4080 

8770 

3-16 

33 

4 

1 

4200 

4330 

3790 

7330 

3-16 

2 

4200 

•  7530 

4390 

3630 

7530 

1-4 

3 
Av. 

5900 

3850 

3100 

2790 

6590 

3-16 

4830 

5690 

3940 

3410 

7150 

3-16 

Eock  Ehn 

10 

5 

1 

2250 

6530 

4460 

4420 

8280 

5-16 

2 

3260 

7160 

4620 

3850 

7160 

1-4 

3 

Av. 

2910 

5880 

4650 

4340 

7300 

3-8 

2810 

6520 

4580 

3210 

7910 

5-16 

10 

2 

1 

9 

1920 

3770 

6060 

5310 

7410 

7-16 

3 

Av. 

1960 

isio 

4420 

iieo 

7730 

3-8  ' 

1940 

4140 

5240 

4730 

7570 

3-8 

10 

11 

1 

3730 

7760 

4310 

3930 

7760 

1-4 

2 

2800 

5820 

4460 

3580 

6800 

5-16 

3 

3300 

6270 

4120 

3550 

7840 

5-16 

4 

1600 

6070 

5030 

4140 

7700 

5-16 

5 
Av. 

7810 

5210 

4490 

7810 

1-4 

Red  Elm 

2800 

6950 

4620 

3340 

7600 

5-16 

13 

14 

1 

1240 

6430 

4380 

9230 

7-16 

2 

3000 

6500 

5080 

4960 

10040 

7-16 

3 
Av. 

1760 

5970 

4040 

8810 

3-8 

2000 

6235 

5750 

4460 

9350 

5-16 
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TABLE  111— Continued 


Resistance 

In  Pounds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

o 

6 

03 

r-< 

c 

00 

o 

i-H 

c 

i-H 

CO 

o 

Eed  Elm 

13 

2 

1 

1930 

3990 

4540 

3760 

7730 

5-16 

2 

2240 

3860 

5250 

3970 

8100 

7-16 

3 

1960 

4200 

4540 

3850 

7120 

3-8 

Av. 

2040 

4020 

4770 

3890 

7650 

7-16 

13 

10 

1 

2810 

4930 

48.50 

3510 

7550 

3-8 

2 

2450 

4800 

4930 

3740 

7430 

3-8 

3 
Av. 

2140 

5030 

3790 

3210 

8690 

7-16 

2460 

4920 

4520 

3490 

7890 

3-8 

White  Elm 

12 

14 

1 

17.50 

4500 

3270 

2720 

5330 

3-8 

2 

2810 

5500- 

3530 

3010 

5590 

5-16 

3 
Av. 

1890 

5610 

3620 

2770 

5610 

1-4 

2150 

5200 

3470 

2830 

5510 

5-16 

12 

5 

1 

2460 

5790 

3590 

2980 

6280 

5-16 

2 

2140 

5410 

2830 

2770 

5410 

1-4 

3 

Av. 

1770 

5270 

2520 

2430 

5270 

1-4 

2120 

5490 

2980 

2720 

5650 

1-4 

15 

5 

1 

2630 

6330 

5580 

9500 

3-8 

2 

3810 

7260 

4680 

43i6 

9560 

3-8 

3 
Av. 

2810 

6100 

4160 

3620 

8050 

5-16 

3080 

6560 

4770 

4000 

9030 

3-8 

37 

5 

1 

2490 

8130 

3900 

3660 

8130 

1-4 

2 

5760 

4040 

3330 

6650 

5-16 

3 
Av. 

2790 

6540 

3770 

3420 

7460 

5-16 

2640 

6810 

3910 

3470 

7410 

5-16 

15 

13 

1 

1600 

4600 

5900 

9670 

7-16 

2 

2230 

5770 

5530 

4820 

8760 

3-8 

3 
Av. 

1450 

4200 

9310 

6190 

9310 

1-2 

1760 

4860 

7420 

5630 

9250 

7-16 

12 

10 

1 

1990 

3560 

33,50 

2700 

5370 

3-8 

2 

1920 

4320 

3.540 

2690 

5450 

3-8 

3 
Av. 

1830 

3930 

2360 

1650 

4100 

1-4 

1910 

3970 

3080 

2010 

4970 

3-8 
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TABLE  Ill-Continued 


d 

6 

ID 

'a 

6 

Eesistance  in  Pounds 
for  Pull  of 

Maximum 
Resistance 

Ivind  of 

Tie 

a 

GO 
i-H 

o 

i-H 

O 

Distance 

Withdrawn, 

inches 

White  Elm 

15 

12 

1 
2 
3 

Av. 

2430 
2600 

5590 
5630 
5550 

4670 
3870 
3140 

3810 
3350 

7860 
6140 
5550 

3-8 

5-16 

1-4 

2510 

5920 

3890 

3580 

6520 

5-16 

37 

2 

1 
2 
3 

Av. 

2100 
2920 
3150 

4710 
5160 
5900 

3390 
4070 
4300 

3330 

3840 
3860 

7170 
6310 

7570 

3-8 

5-16 

3-8 

2390 

5290 

3920 

3680 

7020 

3-8 

Beecli 

14 

6 

1 
2 
3 

Av. 

2870 
2230 

him 

5660 

5390 
4870 
5310 

4670 
4320 
4940 

7680 
7190 

7820 

1-4 

3-8 
5-16 

2550 

5400 

5190 

4470 

7560 

5-16 

36 

6 

1 
2 
3 

Av. 

4330 
3610 
2640 

4740 
8100 

8120 

4400 
6230 
5470 

4510 
5320 
4640 

7120 
8560 

9080 

3-8  • 

1-4 

5-16 

3530 

6990 

5030 

4820 

8250 

5-16 

14 

2 

1 
2 
3 

Av. 

2550 
2200 
2120 

4740 
5570 
4910 

4570 
5690 
4800 

4100 
4190 
3970 

7670 

8170 
7860 

5-16 

3-8 
3-8 

2290 

5070 

4700 

4090 

7900 

3-8 

36 

2 

1 
2 
3 

Av. 

3210 
3110 
2120 

5940 
6900 
5440 

4010 
4170 
5240 

3840 
3900 
4130 

8460 
10400 

8270 

3-8 
3-8 
5-16 

2850 

6090 

4470 

3960 

9040 

3-8 

14 

9 

1 

3 

Av. 

2660 
1500 
1490 

5070 

2820 
3810 

99i6 
8900 

3560 
5060 

5280 

8130 
9910 
9220 

3-8 
1-2 
7-16 

1880 

3900 

8960 

4630 

9090 

7-16 

36 

9 

1 

2 
3 

2130 
2940 
2370 

4900 
6640 
4920 

4240 
3860 
3830 

4210 
3650 
3600 

9890 
9430 

8900 

3-8 
5-16 

3-8 

Av. 

2480 

5490 

3980 

3820 

9410 

3-8 
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TABLE  IlL—Conti7med 


Resistance  in  Poun 

ds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 

Withdrawn, 

inches 

Tie 

6 

o 

CD 

"a 

d 

CO 

c 

CO 

Xi 
o 
c 

I— 1 

.Id 
0 

c 

I—I 

(-1 

cc 
0 

Poplar 

11 

2 

1 

2700 

4690 

3980 

3520 

4690 

1-4 

2 

4690 

3240 

2890 

4980 

3-16 

3 
Av. 

3000 

aioo 

3240 

2900 

5100 

1-4 

3460 

4890 

3490 

3100 

4920 

1-4 

19 

2 

1 

2750 

4510 

4400 

3980 

6990 

3-8 

2 

2710 

5270 

2840 

2610 

5270 

1-4 

3 
Av. 

3100 

6050 

4080 

3650 

6050 

1-4 

2850 

5240 

3760 

3410 

5900 

1-4 

11 

12 

1 

2220 

5130 

2960 

2750 

5350 

5-16 

2 
Av. 

2750 

4940 

3800 

3590 

5070 

5-16 

2480 

5040 

3280 

3170 

5210 

5-16 

19 

12 

1 

2610 

5670 

6250 

5-16 

.2 
Av. 

2460 

6220 

4400 

4170 

7040 

5-16 

2530 

5990 

4400 

4170 

6650 

5-16 

Chestnut 

40 

14 

1 

2300 

3100 

2410 

2260 

4300 

3-16 

2 

2330 

2600 

2860 

2460 

4060 

3-16 

• 

3 
Av. 

3730 

3370 

2370 

2100 

5050 

3-16 

2490 

3060 

2540 

2270 

4470 

3-16 

40 

5 

1 

5830 

3-16 

2 

36io 

2720 

2650 

2650 

5180 

3-16 

3 
Av. 

3300 

3570 

2950 

2400 

5500 

3-16 

3150 

3150 

2800 

2520 

5510 

3-16 

40 

12 

1 

2 

3320 
5110 

6230 

3050 

2270 

6230 
5110 

1-4 

1-8 

3 
Av. 

2000 

4666 

2490 

2430 

4000 

1-4 

3480 

5110 

2770 

2350 

5110 

1-4 

40 

4 

1 

1300 

3780 

3170 

2940 

5420 

3-16 

2 

2300 

5420 

3360 

2780 

5420 

1-4 

3 
Av. 

2440 

5640 

3190 

2590 

6220 

5-16 

2850 

4950 

3240 

2770 

5690 

1-4 
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TABLE  HI— Concluded 


Resistance 

in  Poun 

ds 

Maximum 

for  Pull  of 

Resistance 

Kind  of 

Distance 
Withdrawn, 
inches 

Tie 

d 

CD 

o 

d 

o 

CO 

I— 1 

rH 

c 

C 
O 

Ah 

Loblolly 

39 

14 

1 

3390 

2970 

2620 

2590 

3390 

1-8 

2 

3760 

3980 

2790 

2420 

3980 

1-4 

Pine 

3 

Av. 

4050 

2860 

2020 

1850 

4050 

1-8 

3730 

3270 

2480 

2290 

3810 

1-8 

21 

14 

1 

2880 

4550 

2370 

1870 

4550 

1-4 

2 

1980 

2110 

1890 

1570 

3520 

3-16 

3 

Av. 

4510 

3910 

3340 

2880 

5200 

3-16 

3120 

3520 

2560 

2110 

4420 

3-16 

20 

5 

1 

2250 

4550 

2930 

2540 

4550 

1-4 

2 

2810 

2670 

2720 

2640 

4570 

3-16 

3 

3610 

3610 

1-8 

4 
Av. 

1890 

2690 

2290 

2030 

3710 

3-16 

2640 

3270 

2650 

2410 

4110 

3-16 

21 

10 

1 

3570 

4450 

2500 

2230 

4450 

1-4 

2 
Av. 

2550 

4890 

3400 

3020 

4890 

1-4 

3060 

4670 

2950 

2630 

4670 

1-4 

20 

3 

1 

3090 

4800 

2730 

2320 

4800 

1-4 

2 

2610 

2330 

2300 

2030 

3440 

3-16 

3 
Av. 

1870 

3810 

2510 

2280 

3810 

1-4 

2860 

3650 

2510 

2210 

4020 

1-4 

39 

6 

1 

3110 

2120 

2170 

1710 

3110 

1-8 

9 

1560 

3880 

3060 

2380 

3880 

1-4 

3 
Av. 

1630 

3330 

2640 

2650 

3330 

1-4 

2100 

3110 

2960 

2250 

3440 

1-4 

A  study  of  the  results  of  Table  III  has  been  made  to  determine: 
(A)  Comparative  holding  power  in  untreated  ties;  (B)  Comparative 
holding  power  in  treated  ties;  (C)  Comparative  holding  power  of 
the  same  timber,  treated  and  untreated;  (D)  Effect  of  preservative 
on  tlie  holding  power;  (E)  Relation  between  the  cross  section  of  the 
spike  and  holding  power;  (P)  Relation  between  the  depth  of  pene- 
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tration  and  the  holding  power;  (G)  Effect  of  the  point  of  the  spike 
on  the  holding-  power;  (H)  Effect  of  bored  holes  on  the  holding 
power;  (I)  Effect  upon  the  holding  power  of  re-driving  the  spike. 

A     Comparative  Holding  Power  in  Untreated  Ties 

Table  IV  is  compiled  from  Table  III  to  show  the  average 
holding  power  for  different  untreated  ties.  Each  result  in  Table 
IV  is  the  average  of  the  corresponding  results  in  Table  III. 

TABLE  IV 
Average  Holding  Power  in  Untreated  Ties 


03 

Resistance  in 

Maximum 
Eesistance 

Resistance  in 

m 

H 

in 

Pounds  for 
a  Pull  of 

per  cent  of  that 

Kind 

a)    „ 

in  White  Oak 

of  Tie 

o 
6 

o 
6 

C 

o 

Distanc 
Pulled 
inches 

00 

13 

GO 

7-\ 

rA 

1 

■—1 

i-H 

White  Oak 

10 

30 

3510 

3950 

7870 

5-16 

100 

100 

100 

Elm 

11 

33 

2310 

5390 

7290 

3-8 

66 

136 

93 

Beech 

3 

9 

2240 

3790 

8180 

3-8 

64 

96 

104 

eiiestnut 

4 

12 

2990 

4070 

5190 

3-16 

86 

103 

66 

Loblollv 

Pine 

2 

6 

2920 

3190 

3630 

3-16 

85 

81 

46 

Table  IV  shows  the  comparative  holding  power  of  five  kinds 
of  timber.  The  last  three  columns  show  the  holding  power  in 
terms  of  that  of  white  oak.  It  is  thought  that  a  pull  of  1-4  of  an 
inch  gives  results  which  are  of  more  value  in  comparing  the  hold- 
ing power  of  the  different  kinds  of  ties  than  the  results  for  either 
greater  or  less  distances,  since  the  results  for  the  1-4-inch  pull  re- 
present the  resistances  of  the  various  timbers  to  the  withdrawal  of 
the  spike  for  a  distance  which  should  not  be  exceeded  in  practice, 
and  since  the  maximum  resistance  and  the  results  for  a  pull  of  1-8 
of  an  inch  represent  the  resistances  for  distances  which  are  there- 
fore not  of  so  much  consequence  as  the  1-4-inch  pull.  Notice 
that  with  chestnut  and  loblolly  pine  the  maximum  resistance  oc- 
curs at  3-16  of  an  inch,  which  is  a  reason  for  comparing  their  max- 
imum resistance  with  that  of  white  oak  at  1-4  of  an  inch  instead  of 
with  its  maximum  resistance,  as  in  Table  IV.  If  this  is  done,  the 
efficiencies  of  chestnut  and  loblolly  pine  for  a  1-4-inch  pull  or  less 
are  131  and  85  per  cent  respectively. 
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The  fact  that  the  maximum  resistance  did  not  occur  until  the 
spike  had  been  pulled  from  3-16  to  3-8  of  an  inch  is  interesting. 
While  the  spike  is  being  driven  the  fibers  of  the  wood  are  bent 
downward  and  are  pressed  outward,  and  as  the  spike  is  withdrawn 
the  friction  between  the  spike  and  the  wood  tends  to  draw  the  fib- 
ers into  their  original  position,  which  causes  them  to  crowd  lat- 
erally against  the  spike  and  also  toward  the  surface  of  the  tie, 
until  finally  the  external  pull  exceeds  the  internal  resistance  and 
the  spike  slips.  When  the  fiber  structure  is  open,  there  is  con- 
siderable cellular  space  for  the  displaced  fibers  to  occupy,  and 
therefore  the  maximum  resistance  is  low,  and  is  quickly  attained; 
but  when  the  fiber  structure  is  compact,  the  reverse  is  true. 

As  the  loblolly  pine  ties  should  always  be  preserved,  the  re- 
sults in  Table  IV  for  this  timber  are  of  doubtful  value.  For  the 
best  results  elm  ties  also  should  be  treated;  but  as  some  species  of 
elm  do  not  absolutely  require  treatment,  elm  is  properly  included 
in  Table  IV.  Arranging  these  timbers  in  the  descending  order  of 
their  resistances  for  a  1-4-inch  pull,  we  have  elm,  chestnut,  white 
oak,  beech  and  loblolly  pine. 

The  maximum  holding  power  for  the  first  three  timbers  in 
Table  IV  is  satisfactory,  but  that  for  the  last  two  is  quite  low. 
The  last  fact  indicates  that  when  timber  of  the  softer  varieties  or 
timber  having  loose  fiber  structure  is  used  for  ties,  some  more 
efficient  form  of  fastening  should  be  devised. 

B     Comparative  Holding  Poiver  in  Treated  Ties 

T'able  V  is  compiled  from  Table  III  to  show  the  average 
holding  power  obtained  with  various  treated  ties,  each  result  in 
this  table  being  the  mean  of  the  corresponding  values  in  Table 
in.  The  average  results  obtained  with  untreated  white  oak  are 
also  included  so  that  comparisons  can  be  made. 

The  average  for  the  resistances  for  all  of  the  treated  timbers 
is  shown  at  the  foot  of  the  table.  Excluding  the  last  two  timbers, 
the  average  resistance  for  the  1-4-inch  pull  is  5690  pounds.  The 
maximum  resistance  of  the  last  two  timbers  should  be  averaged 
with  the  resistances  of  the  others  for  the  1-4- inch  pull,  in  which 
case  the  average  resistance  for  all  of  the  timbers  for  a  1-4-inch 
pull  or  less  is  5400  pounds. 

Table  V  shows  that  the  resistances  of  the  several  timbers  do 
not  differ  widely,  and  that  the    soft  timbers  give   results  which 
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TABLE  Y 
Average  Holding  Power  in  Treated  Ties 


Maximum^ 

m 

Resistance  in 

Resistance  in 

VI 

H 

"0^ 

CO 

Pounds  for 
a  Pull  of 

per  c 
of  T 

ent  of  that 

Kind  of 

(D 

^hite  Oak 

Tie 

o 

o 

^   '^   ^ 

o 

"o 

'o 

"o 

■-iS 

c 

c 

3 

MS   2 

c 

c 

><  3 

^ 

^ 

00 

1—1 

o 

go.- 

1-H 

T— 1 

Ss 

White  Oak 

(Untreated) 

10 

30 

3510 

3950 

7870 

5-16 

100 

100 

100 

Water  Oak 

16 

48 

2870 

5730 

6780 

5-16 

82 

145 

86 

Black  Oak 

13 

39 

2910 

5890 

7230 

5-16 

83- 

149 

92 

Red  Oak 

20 

60 

2950 

5350 

7730 

5-16 

84 

135 

98 

Burr  Oak 

3 

9 

2670 

5750 

9210 

3-8 

76 

145 

117 

Ash 

2 

6 

3570 

5200 

7730 

5-16 

101 

131 

98 

Elm 

5 

15 

2590 

5940 

7500 

5-16 

74 

150 

96 

Beech 

3 

9 

2950 

6190 

8900 

3-8 

84 

157 

113 

Poplar 

4 

12 

2830 

5290 

5670 

5-16 

81 

134 

72 

Loblollv  Pine 

4 

12 

2920 

3780 

4310 

1-4 

83 

109 

55 

Sweet  Gum 

0 

15 

3230 

5320 

5300 

3-16 

92 

96 

67 

Av. 

2950 

5320 

7040 

84 

135 

89 

compare  favorably  with  those  obtained  for  the  hard  woods.  This 
table  also  shows  that  the  range  for  the  maximum  resistances  is 
much  greater  than  that  for  either  the  1-8-or  the  1-4-inch  pull.  The 
resistances  for  the  different  species  of  oak  are  very  nearly  the 
same,  the  mean  for  a  1-8  inch  pull  being  2850  pounds,  for  a  1-4-inch 
pull  5680  pounds  and  for  the  maximum  7740  pounds.  Notice  that 
with  nearly  all  of  the  timbers  the  maximum  resistance  was  obtained 
after  the  spike  was  pulled  more  than  1-4  of  an  inch,  but  there  is 
no  apparent  relation  between  the  amount  of  the  holding  power 
and  the  distance  through  which  the  spike  has  been  pulled. 

Comparing  the  resistances  of  treated  timbers  with  that  of  un- 
treated white  oak,  we  see  that  the  initial  resistance  of  the  white 
oak  is  higher  than  any  of  the  other  woods  except  one;  while  on 
the  other  hand,  the  resistance  at  1-4  of  an  inch  in  white  oak  is  less 
than  in  any  of  the  other  woods  save  one.  The  maximum  resis- 
tances of  all  but  the  last  three  timbers  are  practically  the  same. 

Considering  the  uniformity  of  the  results  obtained  with  a  pull 
of  1-4  of  an  inch  in  the  few  timbers  which  were  available,  there 
appears  to  be  no  strong  reason  for  much  discrimination  between 
the  different  treated  timbers. 
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C    Comjjarative  Holding  Power  of  the  Same  Timber,  Treated 
and  Untreated 

Table  VI  has  been  compiled  from  Table  III  for  the  purpose 
of  studying  the  effect  of  the  treatment  upon  the  holding  power  of 
a  timber. 

TABLE  VI 

Eelative  Holding  Power  in  Treated  and  Untreated  Ties 


CO 

o 

6 

1^ 

m 

'3< 

CO 

Vr-t 
O 

6 

Condition 
of   Tie 

Kesistance  and  Gain  in  Pounds 
Due  to  Treatment 

Kind 
of  Tie 

Pi 
d 

T— I 

o 

'3 

Ph 

c 

I—I 

.s 

S  o 

"a 

Elm 

Beecli 

LobloUy 
Pine 

Eed  Oak 

3 

2 

1 
1 

1 
2 

3 

4 

27 
15 

9 
9 

6 
12 

15 
21 

Untreated 
Treated 

Untreated 
Treated 

Untreated 
Treated 

Untreated 
Treated 

2310 
2590 

2240 
2950 

2920 
2920 

280 
710 
000 

5390 
5940 

3790 
6190 

3190 
3730 

550 

2400 

640 

7290 

7500 

8180 
8900 

3630 
4310 

6460 

7730 

210 

820 

680 

1270 

Table  VI  shows  that  higher  resistances  are  developed  in 
treated  than  in  untreated  ties.  The  average  increase  due  to  treat- 
ment for  a  1-8  inch  pull  was  330  pounds;  for  a  1-4  inch  pull,  exclud- 
ing the  seemingly  unreasonable  increase  in  beech,  685  pounds;  and 
for  the  maximum  resistance  747  pounds. 

Considerable  reliance  is  placed  upon  the  conclusions  drawn 
from  Table  VI,  inasmuch  as  the  methods  of  making  the  tests 
were  exactly  the  same  for  the  treated  and  untreated  ties,  and 
since  the  same  number  of  spikes,  fifty-seven,  was  used  in  both 
cases,  and  also  since  the  preserved  ties  were  treated  by  different 
processes  and  at  different  plants. 

The  increased  resistance  due  to  treatment  has  two  causes:  (1) 
The  presence  of  the  preservative  in  the  cells,  thus  reducing  the 
space  into  which  the  fibers  can  crowd  as  the  spike  is  withdrawn; 
and  (2)  The  hardening  of  the  fibers  by  the  steaming,  preparatory 
to  treatment,  which  renders  them  less  pliable. 
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The  movement  which  took  place  among  the  fibers  near  the 
surface  of  the  tie  is  interesting.  In  the  untreated  ties  there  was 
a  crumpling  of  the  fibers  close  to  the  spike,  while  the  fibers  in 
the  treated  ties  were  torn  out  in  deep  slivers  extending  from  the 
spike  to  the  blocks  which  supported  the  tie. 

D    Effect  of  the  Preservatwes  on  the  Holding  Power 

Three  distinct  kinds  of  preserving  solutions  were  used  in  the 
ties  tested, — creosote,  zinc-creosote  and  zinc-tannin. 

Table  VII  has  been  compiled  from  Table  III  to  study  the 
effect  produced  by  the  treating  solution  upon  the  holding  power 

of  the  tie. 

Table  VII  does  not  show  any  marked  difference  between  the 
resistances  in  ties  treated  with  the  different  preservative  solu- 
tions. For  example,  the  maximum  resistance  of  the  red  oak  is 
lower  when  treated  with  zinc-tannin  than  when  treated  with  zinc- 
creosote,  but  the  reverse  is  true  of  the  initial  resistance  of  the 
red  oak  and  also  of  the  maximum  resistance  of  black  oak.  With 
elm  the  initial  resistance  is  higher  in  creosoted  ties  than  in  those 
treated  with  zinc-creosote,  but  the  maximum  resistance  is  lower. 
If  any  rating  were  made  in  order  of  efficiency,  it  would  appear 
about  as  follows:  (1)  creosote,  (2)  zinc-creosote,  and  (3)  zinc-tan- 
nin. However,  there  are  too  many  uncertain  quantities  involved 
to  make  such  a  rating  reliable;  and  morever,  the  effect  of  the 
treating  solution  upon  the  holding  power  is  only  one  of  the  many 
elements  which  must  be  considered  when  choosing  between  the 
different  treating  solutions. 

E    Belation  hetiueen  the  Cross  Section  of  the  Spike  and  the 
Holding  Power 

The  question  to  be  answered  here  is,  which  size  of  spike  will 
develop  the  highest  holding  power.  To  answer  this  question, 
Table  VIII  showing  the  relation  between  the  cross  section  and 
the  holding  power  has  been  compiled  from  Table  III. 

From  a  study  of  the  results  of  Table  VIII  it  will  be  noticed 
that  no  general  rating  can  be  made  for  the  various  sized  spikes  in 
order  of  the  resistances  developed,  since  the  spike  which  develops 
the  lowest  holding  power  for  the  1-8- inch  or  the  1-4- inch  pull  seldom 
develops  the  highest  maximum  resistance.  For  example,  in  white 
oak,  the  19-32-inch  spike  developed  the  highest  resistance  for  the 
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TABLE  VII 
Effect  of  Different  Preservatives  on  the  Holding  Power 


Kind  of 
Tie 

Tie  1^0. 

Preservative 

Resistance  in 

Pounds  for 

a  Pull  of 

Maximum 
Resistance, 

o 

c 

CO 

1-^ 

o 
— ( 

Pounds 

Comparison 

of  Zinc-Tannin  and  Creosote 

Water  Oak 

4,  5,  25,  26,  29 
34 

Zinc-Tannin 
Creosote 

2380 
3020 

5010 
6270 

6260 
7310 

Eed  Oak 

6,  9,  22,  28,  30 
41 

Zinc-Tannin 

Creosote 

3170 
3120 

5470 

5800 

6580 
6920 

Comparison 

of  Zinc-Creosote  and  Creosote 

Eed  Oak 

7,8 
41 

Zinc-Creosote 
Creosote 

2350 
3120 

4940 

5800 

8500 
6920 

Elm 

10 
37 

Zinc-Creosote 
Creosote 

2520 
2600 

5870 
6350 

7690 
7210 

Comparison 

of  Zinc-Tannin  and  Zinc-Creosote 

Bed  Oak 

6,  7,  8,  9,  22 
28,   30 

Zinc-Creosote 
Zinc-Tannin 

2350 
3170 

4940 
5470 

8500 
6580 

Black  Oak 

16,  18 
23,  24,  27 

Zinc-Creosote 
Zinc-Tannin 

2850 
2830 

5620 
5620 

7040 

7550 

1-8-inch  pull,  but  the  9-16-incli  spike  developed  the  highest  resis- 
tance for  the  1-4-inch  pull,  and  also  the  highest  maximum  resis- 
tance. In  black  oak  the  highest  resistance  for  the  1-8-inch  pull 
was  developed  by  the  9-16  spike,  but  that  for  the  1-4-inch  pull  was 
developed  by  the  19-32-inch  size  and  the  maximum  resistance  by 
the  5-8-inch  spike.  Averaging  all.of  the  resistances  for  the  1-8-inch 
pull,  the  1-4- inch  pull  and  the  maximum  resistance  collectively,  we 
see  that  the  average  holding  power  of  the  9-16-inch  spike  is  4990 
pounds,  for  the  19-32-inch  spike  5420  pounds  and  for  the  5-8-inch 
spike  5290  pounds.  Because  of  the  large  number  of  spikes  tested, 
seventy-two  9-16-inch,  thirty-six  19-32-inch,'  and  one  hundred  and 
two  5-8-inch,  and  the  irregularity  of  the  results,  it  was  decided  that 
no  conclusions  could  be  drawn  from  Table  VIII  as  to  the  relative 
holding  power  of  the  different  sizes  of  spikes.  However,  the  thick- 
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TABLE  YIII 

Kelation    Between  the  Cross  Section  of  the  Spike  and   its   Hold- 
ing Power 


6 

=1-1 
O 

6 

Condition 
of  Tie 

m 

Resistance  to   With- 
drawal, Pounds 

Kind 
of  Tie 

'3 
d 

op 

T— I 

'3 

I— 1 

.§1 

TO    (D 

^P5 

White  Oak 

Black  Oak 

Water  Oak 

Eed  Oak 
Beech 

Sweet  Gum 

2 
2 
3 

4 
2 

4 

5 
6 
5 

7 
9 

1 
1 
1 

1 

1 
1 

1 
1 

9 

6 

15 

15 
6 

18 

15 
18 
15 

21 

36 

3 
3 
3 

3 
3 
3 

6 
12 

Seasoned 

Treated 

Treated 

Treated 
Seasoned 

Treated 

Treated 

9-16 
19-32 

5-8 

9-16 
19-32 

5-8 

9-16 
19-32 

5-8 

9-16 

5  8 

9-16 
19-32 

5-8 

9-16 
19-32 

5-8 

9-16 

5-8 

3110 
3750 
3650 

2910 
2650 
2550 

2960 
2970 
2650 

2300 
3260 

1880 
2550 
2290 

2480 
3530 

2850 

2190 
3490 

6280 
5380 
6030 

5340 
6130 
5710 

5560 
5310 
5360 

4760 
5990 

3900 
5400 
5070 

5490 
6990 
6090 

3770 
4450 

8760 
7620 
7620 

6530 
7130 
7240 

6670 
6010 
6730 

7650 

6780 

9410 
7660 
7900 

9410 

8250 
9040 

4610 
5460 

ness  of  the  spikes  varied  by  only  1-16  of  an  inch  or  about  10  per 
cent,  and  their  areas  by  only  0.075  of  a  square  inch  or  about  20  per 
cent. 

To  test  still  further  the  relationship  between  the  size  of  the 
spike  and  the  holding  power,  a  series  of  experiments  was  made 
with  plain  square  rods  with  the  results  shown  in  Table  IX.  Each 
result  is  the  mean  of  fifteen  tests  in  a  single  kind  of  timber. 
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TABLE  IX 
Experiments  with  Plain  Square  Rods  in  Beech  Timber 


Size  of 
Rod 


Area, 
sq.  in. 


P  a  S  M 

^  'S  cfl  ■-( 
CD  o3  ^  ^ 


Increase  for  each  Increment 


Area 


square 
inches 


per 
cenb 


Resistance 


pounds 


per 
cent 


Successive  increments  in  the  size  of  the  rod=  1-8  inch 


1-2 

5-8 
3-4 

7-8 


incli  square 
incli  square 
incli  square 
inch  square 


0.250 
0.391 
0.562 
0.765 


6280 
6970 
9070 
9380 


O.Ul 
0.171 
0.203 


53 
44 
35 


690 

2600 

310 


Successive  increments  in  the  size  of  tlie  rod  =  1-16  inch 


8-16  inch  square 

9-16  inch  square 

10-16  inch  square 


0.250 
0.316 
0.391 


6280 
6450 
6970 


0.066 
0.075 


25 
23 


170 
520 


11 

37 
3 


It  will  be  seen  from  the  results  in  Table  IX  that  there  is  an 
irregular  increase  in  the  holding  power  as  the  size  of  the  rod  is  in- 
creased. Notice  that  with  increments  of  1-8-inch,  the  successive 
increments  in  the  resistance  are  at  first  large,  but  with  the  last 
rod  this  increment  suddenly  falls  to  practically  nothing.  This 
drop  in  the  increment  is  principally  due  to  the  tendency  of  the 
large  rod  to  split  the  tie.  The  results  with  1-16- inch  increments 
do  not  differ  materially  from  those  in  the  first  part  of  the  table. 

The  deduction  for  Table  IX  is  that  the  holding  power  will  be 
increased  as  the  size  of  the  rod  is  increased,  but  that  it  is  not  ex- 
pedient to  use  rods  (or  spikes)  larger  than  3-4  of  an  inch  unless 
holes  are  bored  for  them. 

F    Relation  betiueen  the  Dejjth  of  Penetration  and  Holding 

Poiver 
A  series  of  experiments  was  made  to  determine  the  relation 
between  the  depth  of  penetration  and  the  holding  power.     The 
results  are  given  in  Table  X. 


30 


ILLINOIS   ENGINEERING   EXPERIMENT    STATION 


TABLE  X 

Holding  Power  in  a  White  Oak  Tie  with  Varying  Depths  of 

Penetration 


Resistance 

,  Pounds 

Depth 

of 

Test  K umber 

Penetration 

Average 

1 

2 

3 

4 

5 

1-2  in. 

150 

150 

140 

160 

170 

150 

1   in. 

480 

500 

510 

490 

500 

1 1-2  in. 

1440 

1000 

1760 

1320 

950 

1290 

2   in. 

2250 

2250 

2050 

2900 

2760 

2450 

2  1-2  in. 

3430 

3840 

3050 

2940 

3570 

3360 

3   in. 

3710 

3800 

4200 

4220 

4810 

4210 

3  1-2  in. 

4760 

5980 

4210 

4500 

5860 

5060 

4   in. 

5950 

7190 

6310 

5850 

6080 

6270 

4  1-2  in. 

7510 

7510 

7720 

7340 

7520 

5   in. 

8380 

9070 

8540 

7790 

7900 

8340 

The  spikes  had  a  taper  point  approximately  1  inch  long. 
Plate  IV  shows  that  the  holding  power  varies  directly  with  the 
penetration,  not  counting  the  taper  point.  It  is  impracticable  to 
use  a  spike  longer  than  5  1-2  inches  in  a  6-inch  tie,  since  a  longer 
spike  would  either  pass  entirely  through  the  tie  or  sliver  it  on 
the  under  side.  In  either  case  the  fiber  adjacent  to  the  spike 
would  quickly  decay  owing  to  the  access  of  water.  In  a  thicker  tie, 
however,  a  longer  spike  could  be  used  advantageously.  The  main 
precaution  is  to  keep  the  spike  from  damaging  the  under  surface 
of  the  tie.  otherwise  the  longer  the  spike  the  greater  the  hold- 
ing power. 
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PLATE    IV 
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G    Effect  of  the  Point  of  the  SfAke  on  the  Holding  Poioer 

There  were  three  distinct  types  of  points  on  the  spikes, -blunt- 
point,  chisel- point  and  bevel- point. 


C/7/3  e/-  /^<7//rted 

3p//fe. 


Be  ve/-  /^//7te</ 


Fig.  1    Forms  op  Points  of  Spikes 


The  average  results  obtained  with  spikes  having  these  types 
of  points  have  been  compiled  from  Table  III,  and  are  shown  in 
Table  XI.  The  average  and  relative  resistances  of  each  type  of 
spike  for  all  timbers  are  shown  at  the  foot  of  the  table.  These 
averages  show  that  both  the  blunt-pointed  and  the  bevel-pointed 
spike  are  higher  in  holding  power  than  the  chisel- pointed  spike. 
Since  the  average  resistances  of  the  blunt  and  the  bevel-pointed 
spikes  are  practically  the  same,  and  since  the  blunt- pointed  spike 
develops  the  highest  resistance  for  the  1-8-inch  and  the  1-4-inch  pull 
the  greatest  number  of  times,  the  blunt-pointed  spike  is  first  in 
point  of  efficiency,  although  the  bevel-pointed  spike  is  a  close 
competitor  under  all  conditions.     The  chisel- pointed  spike  is  last. 

The  two  upper  figures  of  Plate  V  are  the  two  halves  of  a  red- 
oak  tie  showing  the  position  of  the  fibers  adjacent  to  the  spike; 
and  the  lower  figure  is  a  portion  of  the  other  end  of  the  same  tie 
split  after  the  spikes  had  been  pulled  out.  The  photograph  was 
taken  immediately  after  the  tie  had  been  split.  The  figures  are  too 
small  to  show  details  clearly,  but  an  examination  of  the  tie  showed 
that  the  blunt-pointed  spike  disturbed  more  fiber  than  either  the 
chisel  or  the  bevel-pointed  spikes,  the  last  two  disturbing  about 
the  same  amount.  The  examination  also  showed  that  the  blunt- 
pointed  spike  tore  rather  than  cut  the  fibers,  and  deposited  them 
in  unequal  bundles  along  its  faces,  while  the  chisel-pointed  spike 
cut  the  fibers  and  deposited  them  quite  uniformly  both  across  and 


plate:    V 


Effect  of  Spikes  in  Displacing  the  Fibers  of  the  Tie 
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TABLE  XI 

Effect  of  the  Form  of  the  Point  of  the  Spike  on  the  Holding 

Power 


m 

'a 
rjl 

o 
6 

Type  of 
Point 

Resistance  in  Pounds  for 

Maxin 
Resist 

mm 

Kind 

of  Tie 

1-8  in.  Pull 

1-4  in.  Pull 

ance 

Pounds 

Rela- 
tive 

Pounds 

Rela- 
tive 

Pounds 

Rela- 
tive 

Water  Oalc 

33 
15 

Chisel 
Bevel 

2780 
3050 

100 
110 

5520 
5440 

100 

98 

6540 
6330 

100 

97 

Black  Oak 

9 

18 
12 

Blunt 
Chisel 
Bevel 

3020 

2850 
2680 

106 

100 

91 

6890 
5690 
5560 

121 
100 

98 

8280 
6930 
6800 

119 
100 

98 

Red  Oak 

18 
21 
21 

Blunt 
Chisel 
Bevel 

2220 

2880 
3100 

77 

loo 

107 

4400 
5350 
5580 

82 
100 
104 

5760 
7630 
7370 

76 
100 

97 

White  Oak 

10 

12 

6 

Blunt 
Chisel 
Bevel 

4080 
3490 
2990 

117 
100 

86 

7040 
5190 
5610 

135 
100 

108 

8760 
7090 
8010 

123 
100 
113 

Elm 

21 

21 

Chisel 
Bevel 

2150 
2500 

100 
116 

5240 
5740 

100 
109 

7710 

7050 

100 

92 

Beech 

6 
6 
6 

Blunt 
Chisel 
Bevel 

2180 
2570 
3040 

85 
100 
118 

4670 
5580 
6190 

84 
100 
111 

9250 
8470 
7900 

109 

100 

93 

Chestnut 

3 

3 
6 

Blunt 
Chisel 
Bevel 

2850 
2490 
3320 

114 
100 
133 

4950 
3060 
4130 

162 
100 
135 

5690 
4470 
5310 

127 
100 
119 

Loblolly 
Pine 

3 

6 
9 

Blunt 
Chisel 
Bevel 

2860 
3420 

2800 

84 
100 

82 

3650 
3390 
5010 

118 
100 
148 

4020 
4120 
5520 

97 
100 
134 

Average 
for  all 

Blunt 
Chisel 

2870 
2840 

101 
100 

5340 
4810 

112 

100 

6960 
!     6610 

105 
100 

Timbers 

Bevel 

2930 

103 

5490 

114 

6800 

103 

in  front  of  each  face.  The  bevel- pointed  spike  forced  a  majority 
of  the  fibers  to  the  front  face  and  toward  the  corners.  The  r  ia- 
tively  high  holding  power  of  both  the  blunt  and  the  bevel- pointed 
spikes  is  due  to  this  unequal  concentration  of  the  fibers. 
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H    EJfect  of  Bored  Holes  on  the  Holding  Poiver 

A  series  of  tests  was  made  to  study  the  effect  of  boring  holes 
for  the  spike.  The  first  step  was  to  determine  the  proper  size  of 
the  hole.  Table  XII  shows  the  summary  of  a  series  of  tests  made 
at  the  University  of  Illinois  in  1891*  to  determine  the  relationship 
between  the  holding  power  and  the  "drift". 

TABLE  XII 
Besults  of  Experiments  with  Square  Drift-Bolts  in  Pine  Timber 


Size  of 

Hole, 

inches 

Drift, 
inches 

Holding  Power,  Pounds 

Size  of  Drift-Bolt 

6-inch 
depth 

Per  inch 
depth 

1  inch  square 
1  inch  square 
1  inch  square 
1  inch  square 

16-16 
15-16 
14-16 
13-16 

i-16 

1-8 
3-16 

3972 
4260 
4660 
4050 

662 
710 

777 
675 

This  table  shows  that  with  1-inch  square  drift-bolts  a  drift  of 
1-8  of  an  inch  gives  a  maximum  holding  power,  but  that  a  drift  of 
1-16  of  an  inch  gives  nearly  as  much  resistance.  It  is  not  known 
that  this  relation  holds  with  bolts  less  than  1-inch  square,  but  the 
author  assumed  that  this  was  sufficient  reason  for  using  a  drift  of 
1-16  and  1-8  of  an  inch  in  this  investigation,  which  conclusion  is 
in  accord  with  the  usual  railroad  practice. 

The  second  step  was  to  determine  the  resistance  to  the  differ- 
ent sized  spikes  in  different  kinds  of  ties.  The  detailed  results 
for  these  experiments  are  given  in  Table  XIII.  Notice  that  the 
results  are  arranged  according  to  the  drift.  The  average  results 
from  Table  XIII  are  shown  in  Table  XIV  along  with  the  results 
from  Table  III  for  the  same  spike  driven  in  the  ordinary  way. 

The  average  resistances  for  all  timbers,  recorded  at  the  foot 
of  Table  XIV,  show  that  for  a  pull  of  1-4  of  an  inch  or  less  the  spike 
driven  into  a  bored  hole  develops  higher  holding  power  than  one 
driven  in  the  ordinary  way.  For  a  1-4-inch  pull  or  less  the  rela- 
tive resistances  show  a  marked  increase  in  a  majority  of  cases, 
but  the  maximum  resistance  for  spikes  driven  into  bored  holes  is 
usually  the  lowest. 


*  Technograph  No.  5,  1891.  University  of  Illinois 
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TABLE  XIII 

Holding  Power  of  Ordinary  Spikes  in  Bored  Holes 


<£ 

Resisfcance  in  Pounds 

Maximum 

o 

for  Pull  of 

Resistance 

qT 

o 

Kind  of 

Tie 

'a 
m 

-1-2  CO 

^ 

r^ 

-cl 

^ 

t/i 

o  o" 

O)  (D 

o 

o 

o 

'o 

T3 

1^ 

.s 

p 

C 

G 

;3 

^ 

•S  C 

CO 

"f 

Cjl 

^ 

O 

3 

m"^ 

P"" 

rH 

tH 

T-H 

fO 

^ 

f^ 

Hole  1-1 

6  in.  Smaller  than  Spike 

Water  Oalf 

9-16 

1-2 

2330 

3860 

3660 

3180 

5740 

5-16 

2050 

3860 

3970 

3320 

5730 

3-8 

2020 

6470 

4740 

4010 

6750 

5-16 

1660 

4450 

4090 

3890 

6460 

5-16 

2500 

6400 

4120 

3600 

6400 

1-4 

3250 

3750 

3440 

3120 

4940 

3-16 

Av. 

2390 

4890 

3930 

3080 

6740 

5-16 

2310 

4810 

3990 

3410 

6110 

Black  Oali 

9-16 

1-2 

3460 

6770 

3570 

2850 

7190 

5-16 

3000 

7120 

3810 

3360 

8190 

5-16 

4590 

6810 

3550 

3350 

6810 

1-4 

2670 

6350 

3850 

3560 

6350 

1-4 

2910 

6710 

3390 

2970 

6710 

1-4 

Av. 

2260 

6720 

3810 

3270 

8630 
3230 

1-2 

3150 

6750 

7310 

3660 

Bed  Oak 

9-16 

1-2 

3970 

6550 

3500 

3140 

6830 

5-16 

3920 

6930 

3250 

3720 

6930 

1-4 

2180 

5920 

4590 

3900 

6990 

5-16 

2830 

6900 

3770 

3320 

6900 

1-4 

2660 

4310 

3440 

2720 

5320 

5-16 

2870 

5710 

4090 

3410 

5710 

1-4 

2900 

6100 

3380 

3100 

6100 

1-4 

3950 

6680 

4690 

4040 

6680 

1-4 

2700 

7430 

3410 

3420 

7480 

1-4 

Av. 

2680 

7410 

3950 

3420 

7410 
6640 

1-4 

3070 

6390 

3810 

3420 

5-8 

9-16 

3000 

5380 

3610 

5380 

1-4 

3300 

5010 

3360 

5010 

1-4 

3130 

6240 

3540 

"ssio" 

6240 

1-4 

2710 

6530 

4070 

3600 

7040 

5-16 

2600 

5460 

5160 

4170 

6990 

5-16 

2850 

5810 

4860 

4400 

8800 

Av. 

3130 

6800 

6080 

■4950 

9420 

'"s-ie' 

2950 

5890 

4390 

4140 

6960 
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TABLE  Xlll— Continued 


S 

Resistance 

in  Pounds 

Maximum 

'o 

w 

o 

for  Pull  of 

Resistance 

Kind  of 

Tie 

c 

op 

1-H 

O 

C 

T— 1 

xi 
o 

c 

CO 

C 
O 

C 

Asli 

9-16 

1-2 

4080 

7210 

4720 

3300 

8180 

5-16 

2510 

6540 

3360 

3180 

8380 

5-16 

1980 

4850 

4380 

4050 

8830 

7-16 

2850 

5840 

3220 

2290 

6180 

5-16 

Av. 

2530 

5760 

3510 

2730 

5760 
7460 

1-4 

2790 

6040 

3840 

3090 

5-8 

9-16 

3920 

4700 

3860 

3280 

6460 

3-16 

2840 

6300 

4070 

3600 

6480 

5-16 

1660 

5100 

5300 

4370 

8510 

5-16 

Av. 

2100 

6340 

5150 

4540 

8760 

5-16 

2630 

5610 

4590 

3950 

7550 

Beech 

9-16 

1-2 

2960 

6820 

3820 

3790 

7100 

3-16 

2910 

5710 

4010 

3550 

7270 

5-16 

2890 

5610 

3240 

2850 

5610 

1-4 

2830 

2900 

2800 

2690 

6000 

3-16 

3360 

5450 

2940 

2620 

5450 

1-4 

3360 

6610 

3680 

3210 

6610 

1-4 

3770 

6780 

3470 

2890 

8200 

3-8 

2870 

6930 

4740 

4360 

6930 

1-4 

Av. 

3540 

5110 

5060 

4010 

7640 
6750 

3-8 

3150 

5770 

3750 

3330 

HTOTppti  rj-nTYl 

9-16 

1-2 

2850 

5840 

3220 

2290 

6180 

5-16 

KJ  YT  \^\yU     VJ  dlXJ 

2530 

5760 

3510 

2730 

5760 

1-4 

2250 

6210 

4640 

3570 

7170 

5-16 

2630 

3940 

3350 

2870 

4940 

3-16 

2790 

5220 

4220 

3680 

6010 

3-16 

Av. 

2610 

6300 

3900 

3370 

6300 

1-4 

2610 

5550 

3810 

3080 

6060 

5-8 

9-16 

3030 

3080 

2740 

2320 

4370 

3-16 

2620 

5760 

3560 

2940 

5760 

1-4 

Av. 

2850 

3840 

3290 

2730 

5500 

3-16 

2830 

4230 

3200 

2660 

5210 
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TABLE  XUl— Concluded 


rS" 

Resistance  in  Pounds 

Maximum 

3 

for  Pull  of 

Resistance 

C^ 

W 

Kind  of 
Tie 

CO 

o 

o 

4-3  CO 

^ 

^ 

^ 

^ 

w 

a 

o  ^ 

^    QJ 

o 

o 

o 

o 

T3 

•p— < 

O  cc 

P!^ 

a 

G 

c 

c 

c 

^ 

-gg 

op 

'f 

c-i 

-+ 

o 

3 

co'"^ 

P-^ 

rA 

r-l 

r-H 

ch 

■  ^ 

£ 

Hole  1-8  in.  Smaller  than  Spike 

Eed  Oak 

5-8 

1-2 

1800 

5710 

5000 

4190 

7270 

5-16 

2340 

6860 

4490 

3950 

6860 

1-4 

2630 

5850 

4010 

3440 

5850 

1-4 

3170 

4410 

2570 

2100 

4410 

1-4 

4070 

3000 

2600 

2190 

4410 

3-16 

Av. 

4720 

4220 

2550 

2500 

6030 

3-16 

3270 

5010 

3540 

3060 

5800 

Beech 

9-16 

7-16 

1340 

4560 

3530 

3620 

7080 

3-8 

2540 

5620 

4720 

4100 

6920 

5-16 

4000 

4720 

3000 

2640 

6000 

3-16 

3560 

7280 

3800 

3360 

7280 

1-4 

3580 

5270 

3800 

3250 

6940 

3-16 

3240 

6900 

4020 

3810 

7830 

5-16 

2510 

6150 

3710 

3630 

6150 

1-4 

2290 

4620 

5410 

4150 

7950 

7-16 

2790 

6380 

4630 

3420 

8230 

5-16 

Av. 

1900 

3790 

5010 

4360 

7660 

7-16 

2180 

5530 

4160 

3630 

7200 

Sweet  Gum 

5-8 

1-2 

2400 

2710 

2320 

3980 

3-16 

2850 

3180 

2920 

2540 

4750 

3-16 

Av. 

2950 

3700 

3300 

2240 

5200 

3-16 

2730 

3430 

2980 

2370 

4640 
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TABLE    XIV 
Average  Resistance  of  Spikes  with  and  without  Bored  Holes 


& 

m 
o 

CD 
SI 

in 

o 
6 

> 
o 

Resistance  in 
Pounds  for 

Relative 
Resistance 

Kind  of 
Tie 

3 
c 

T— 1 

■CJ"m 
S  CD 

1^ 

3 
d 

op 

T— 1 

3 

^ 
c 

^ 

r^ 

CD 

Drift  1-16  oi 

an  inch 

Water  Oak 

9-16 

7 
15 

Hole 
No  Hole 

2310 
2960 

4810 
5660 

6110 
6670 

78 
100 

85 
100 

92 
100 

Black  Oak 

9-16 

6 
15 

Hole 
No  Hole 

3300 
2970 

6750 
5320 

7310 
6490 

110 
100 

122 

100 

113 
100 

Bed  Oak 

9-16 

10 
36 

Hole 
No  Hole 

3070 
3260 

6390 
5450 

6640 

6820 

111 

100 

112 

100 

97 
100 

5-8 

7 
21 

Hole 
No  Hole 

2950 
2310 

5890 
4760 

6960 
7660 

127 
100 

123 
100 

91 
100 

Beech 

9-16 

9 
9 

Hole 
No  Hole 

3150 

2180 

5770 
4700 

6760 
9410 

145 
100 

123 
100 

72 
100 

Ash 

9-16 

5 
6 

Hole 
No  Hole 

2790 
4150 

6040 
4630 

7460 
6810 

67 
100 

130 
100 

110 
100 

Sweet  Gum 

9-16 

6 
6 

Hole 
No  Hole 

2610 
2190 

5550 
3730 

6060 
4610 

119 
100 

149 
100 

131 

100 

5-8 

4 
9 

Hole 
No  Hole 

Hole 
No  Hole 

2830 
3460 

4230 

4450 

5210 
5460 

82 
100 

95 
100 

96 
100 

Av.  for  all  Timbers 

2930 

2880 

5680 
4840 

an  inc 

6570 
6740 

?h 

102 
100 

117 
100 

98 
100 

Drift  1-8  of 

Ked  Oak 

5-8 

6 
21 

Hole 
No  Hole 

3270 
2310 

5010 
4760 

5800 
7660 

141 
100 

105 
100 

75 

100 

Beech 

9-16 

10 
9 

Hole 
No  Hole 

2780 
2180 

5530 
4700 

7200 
9410 

122 

100 

118 
100 

77 
100 

Sweet  Gum 

5-8 

3 

9 

Hole 
No  Hole 

Hole 
No  Hole 

2730 
3460 

34  30 
4450 

4640 
5460 

79 
100 

77 
100 

85 
100 

Av.  for  all  Timbers 

2930 
2650 

4660 
4640 

6550 
7510 

111 

100 

100 
100 

87 
100 
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As  far  as  conclusions  can  be  drawn  from  these  experiments, 
the  spike  driven  into  a  bored  hole  is  superior  to  one  driven  in  the 
ordinary  way. 

1    Effect  upon  the  Holding  Poiver  of  Re- driving  the  Spike 

In  practice,  when  the  spike  is  pulled  out  of  the  tie  a  moderate 
distance,  it  is  driven  back,  provided  the  hole  is  not  greatly  en- 
larged. If  the  hole  is  much  enlarged  the  spike  is  driven  at  an- 
other point.  This  constant  re-spiking  rapidly  ruins  the  tie.  A  ser- 
ies of  tests  was  made  to  determine  the  effect  upon  the  holding 
power  of  re-driving  the  spike.  The  average  maximum  holding 
power  of  the  re-driven  spikes  is  shown  in  Table  XV  along  with  the 
original  maximum  holding  power  of  the  same  spike. 

It  will  be  seen  that  the  holding  power  of  the  re-driven  spike  is 
^ery  much  less  than  that  of  the  newly- driven  spike.  The  resist- 
ance is  affected  so  much  in  some  woods  as  to  make  the  practice  of 

TABLE    XY 
Eelative  Holding  Poaver  of  E^ewly-driven  and  Re-driven  Spikes 


Kind  of 
Tie 


Averag-e  Maximum  Re- 
sistance, Pounds 


Original 


After  Re- 
driving 


Per  cent  of 
Original 


Ash 

6 

8640 

6490 

75 

Water  Oalc 

6 

8020 

5760 

72 

Red  Oalf 

6 

8030 

52.30 

65 

Elm 

6 

7910 

4840 

61 

Poplar 

6 

4920 

3980 

81 

Sweet  Gum 

6 

5040 

4150 

82 

re-driving  the  spike  a  questionable  procedure  if  the  holding  power 
alone  is  considered;  but  as  the  practice  of  re-driving  the  spike 
helps  to  lengthen  the  life  of  the  tie,  the  practice  can  not  be  justly 
condemned  so  long  as  the  holding  power  is  not  excessively  re- 
duced. 

Art.  2     Holding  Power  of  Screw  Spikes  Without  Linings 

A  series  of  tests  was  made  to  determine  the  holding  power 
of  screw  spikes.  The  tests  were  conducted  in  the  same  manner 
as  those  with  the  ordinary  spikes. 
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The  screw  spikes  were  received  from  the  following  compan- 
ies: No.  1  from  the  Illinois  Central  Railroad  Company;  No.  2 
from  the  American  Iron  and  Steel  Manufacturing  Company,  Scran- 
ton,  Pennsylvania;  No.  3  from  the  South  Side  Elevated  Railroad 
Company,  Chicago,  Illinois;  No.  4  from  the  Oliver  Steel  and  Iron 
Company,  Pittsburg,  Pennsylvania;  and  No.  5  from  the  Pennsyl- 
vania Railroad  Company. 

A  desciiption  of  the  different  spikes  is  given  in  Table  XVI. 

TABLE   XVI 
Description  of  Screw  Spikes 


6 

fen 

Length, 
inches 

Diameter 
of  Core, 
inches 

Projection 

of  Thread, 

inches 

Pitch, 
inches 

Depth  of 

Insertion, 

inches 

Diameter 

of  Bored 

Hole, 

inches 

1 
2 
3 

4 
5 

5 

5 

5  1-4 
5  1-2 
5 

21-32 
11-16 
11-16 
11-16 
21-32 

3-16 
1-8 

1-8 
1-8 
3-16 

1-2 
1-2 
1-2 
1-2 

1-2 

4  1-2 
4  1-2 
4  3-4 
5 
4  1-2 

11-16 
11-16 
11-16 
11-16 
11-16 

The  shank  or  threaded  portion  of  the  spike  was  usually  7-8  of 
an  inch  in  diameter,  and  approximately  one  inch  of  the  upper  por- 
tion of  the  core  tapered  from  the  diameter  of  the  core  to  that  of 
the  shank.  The  hole  bored  for  the  spike  was  not  reamed,  and 
the  result  was  a  tight  fit  between  the  wood  and  the  spike.  This 
tight  contact  is  gained  in  practice  by  the  head  of  the  spike  bear- 
ing against  the  base  of  the  rail.  The  spike  was  driven  by  means 
of  a  wrench,  the  thread  cutting  its  own  path.  The  number  of 
screw  spikes  obtainable  was  not  sufficient  to  make  as  long  a  se- 
ries of  tests  as  with  the  ordinary  spikes. 

A  study  of  the  results  with  this  spike  has  been  made  to  de- 
termine: (A)  Relation  between  the  depth  of  penetration  and  the 
holding  power;  (B)  Relation  between  the  holding  power  of  the 
screw  and  of  the  ordinary  spikes;  and  (C)  Influence  of  certain 
details  of  the  screw  spike  upon  its  holding  power. 

The  detailed  results  of  the  tests  with  screw  spikes  are  given 
in  Table  XVII,  and  the  average  results  are  shown  in  Plates  II 
and  III. 
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TABLE    XVII 
Detailed  Eecord  of  Tests  with  Screw  Spikes 


CD 

o 
6 

'a 

o 
6 

M 
0) 

H 

<4-H 
O 

6 

Resistance  in  Pounds  for 
a  Pull  of 

Maximum 
Resistance 

Kind 
of  Tie 

o 
c 

GO 

o 

c 

o 

P 

13 

CO 

1—1 

5 

o 

0) 

ci  'i^  ^ 

Blue  Asli 

2 
1 
3 
3 
34 

2 
4 
2 
4 
3 

1 

2 
3 

Av. 

1 
2 
3 

Av. 

1 
2 
3 

Av. 

1 
2 
3 

Av. 

1 
2 
3 

7350 
5080 

7520 

10900 

9930 

11650 

11650 
13470 
12300 

6270 
6010 
6220 

3370 
3190 
3030 

13360 
13470 
12300 

7-16 

1-2 

1-2 

6650 

3320 
3740 
4350 

10830 

7480 
7570 
9200 

12470 

10840 
9410 

6800 

6160 

6520 
5940 

4870 

3190 

5000 
4560 
3260 

13040 

10840 
9410 
9700 

1-2 

1-2 
1-2 

3-8 

Sweet  Gum 

3800 

3810 

5790 
4270 

8080 

4940 
7100 
6030 

9010 

4870 
4900 
4620 

5780 

2420 

3280 
2820 

3940 

1900 
3770 
3450 

9980 

5980 
7100 
6590 

1-2 

7-16 

1-4 

3-8 

4620 

5920 
4550 

4780 

6060 

9000 
7400 
7120 

4790 

6000 
5600 
5090 

2840 

4000 
3410 
3290 

3040 

2900 
2300 

1800 

6560 

9720 
8100 

7870 

3-8 

7-16 

3-8 
3-8 

Water  Oalv 

5080 

4820 
4670 
4680 

7840 

10230 
9170 
7030 

5560 

14530 
12140 
14360 

3560 

9630 

10000 

9660 

2330 

4600 
6260 
4490 

8560 

14530 
12640 
14360 

3-8 

1-2 

5-8 
1-2 

26 

2 

Av. 

1 

2 
3 

4720 

4110 
3670 
5270 

8810 

8010 
7420 
7790 

13680 

7190 
7850 
5190 

9800 

3490 
3970 
3540 

5100 

2150 
2790 
2600 

13840 

9620 
8900 
8060 

7-16  ■ 

7-16 

3-8 

7-16 

Blacli  Oak 

16 
23 

3 
2 

Av. 

1 
2 
3 

Av. 

1 
2 
3 

Av. 

4350 

5520 
4860 
4260 

8290 

12370 
11410 

9870 

6740 

16930 

13100 

9760 

3660 

10720 
7390 
7690. 

2510 

6200 
4050 
3970 

8860 

16930 
14350 
12160 

7-16 

1-2 
7-16 

3-8 

4880 

5850 
4910 
1090 

11220 

10290 

10780 
6370 

13260 

9460 

8590 

10400 

8600 

6600 
6000 
7100 

4740 

4200 
2500 
6000 

14480 

12500 
12570 
10400 

7-16 

3-8 
5-8 
1-2 

3950 

9150 

9380 

6560 

4230 

11820 

5-8 
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TABLE  XYll— Continued 


Resistance  in  Pounds  for 

Maximum 

B 
o 
d 
1^ 

a 

CO 

o 
d 

1^5 

43 

H 
o 
6 

a 

Pull  of 

Resistance 

Kind 

of  Tie 

c 

GO 
1—1 

1-4  inch 

C 
1—1 

CO 

.id 
o 
c 

1—1 

m 
C 
O 

Distance 
Pulled, 
inches 

Eed  Oak 

9 

4 

1 

2720 

7810 

12720 

7970 
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6600 
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3110 

13940 

1-2 

WEBBER — HOLDING   POWER   OF    RAILROAD    SPIKES  43 

TABLE  XYU— Concluded 
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A    Relation  between  Depth  of  Penetration  and  the  Holding  Power 

A  series  of  tests  was  made  to  determine  the  relation  between 
the  depth  of  penetration  and  the  holding  power  of  the  screw  spikes. 
The  experiments  consisted  of  pulling  spikes  driven  to  depths  of 
1,  2,  3,  4  and  5  inches  into  a  beech  tie,  three  spikes  being  used 
for  each  depth.  The  numerical  results  are  shown  in  Table  XVIII, 
and  their  averages  are  shown  graphically  in  Plate  VI  together  with 
some  additional  matter  which  is  shown  for  the  sake  of  comparison. 

TABLE  XVIII 
Eesults  Obtained  from  Experiments  on  Depth  of  Penetration 


Test 

Resistance  in  Pounds  for  a  Penetration  of 

l!f  umber 

1  inch 

2  inches 

3  inches 

4  inches 

5  inches 

1 
2 
3 

2770 
2760 
2790 

4560 
6000 
4940 

9610 

10000 

8490 

13100 
14330 
13330 

17360 
17500 
16840 

Av. 

2770 

5170 

9360 

13590 

17230 

The  results  in  Plate  VI  can  be  quite  closely  represented  by 
two  intersecting  straight  lines.  The  probabilities  are  that  the 
actual  resistances  would  be  more  nearly  represented  if  the  two 
straight  lines  were  joined  by  a  short  curve  near  their  intersection. 
Only  the  upper  portion  of  the  diagram  is  of  interest,  since  penetra- 
tions of  less  than  four  inches  should  never  be  used,  at  least  on 
heavy  traffic  railroads,  the  only  roads  likely  to  use  screw  spikes. 

The  diagram  shows  that  the  resistance  varies  directly  with 
the  depth  of  penetration. 

B    Relative  Holding  Power  of  Screiv  Spikes  and  Ordinary  Spikes 

Table  XIX  has  been  prepared  from  Table  XVII  and  from 
Table  III,  to  determine  the  relation  between  the  holding  power  of 
the  screw  spike  and  that  of  the  ordinary  spike.  As  previously 
stated,  the  ordinary  spikes  were  driven  into  the  tie  to  a  uniform 
depth  of  5  inches,  while  the  screw  spikes,  being  of  different  lengths, 
necessarily  were  inserted  to  unequal  depths.  On  account  of 
the  relation  existing  between  the  depth  of  penetration  and  the 
holding  power,  the  resistance  for  the  screw  spikes,  shown  in  Table 
XIX,  is  based  upon  a  penetration  of  5  inches. 
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From  Table  XIX  it  will  be  seen  that  the  holding  power  of  the 
screw  spike  is  always  greater  than  that  of  the  ordinary  spike,  and 
that  the  relation  between  the  two  vaiies  in  the  several  timbers. 
For  a  pull  of  1-4  of  an  inch  in  the  hard  woods  the  holding  power  of 
the  screw  spike  is  from  167  to  221  per  cent  of  that  of  the  ordinary 
spike,  and  in  the  soft  woods  the  range  is  from  117  to  258  per  cent; 
or  the  average  gain  in  the  hard  woods  is  76  per  cent,  and  in  the 
soft  woods  98  per  cent.  It  is  interesting  to  note  that  the  resist- 
ances in  the  several  timbers  for  the  1-8-inch  pull  with  the  screw 
spike  are  in  eight  out  of  eleven  instances  nearly  the  same  as,  or 
greater  than,  the  resistances  for  the  1-4-inch  pull  with  the  ordinary 
spike.  -  This  signifies  that  the  screw  spike  is  about  twice  as  effi- 
cient as  the  ordinary  spike  for  a  pull  of  1-4  of  an  inch  or  less.  The 
curve  in  Plates  II  and  III  show  graphically  the  relative  efficiency 
of  the  two  forms  of  spikes  with  some  information  to  be  referred 
to  later. 

G   Effect  of  Certain  Details  of  the  Screiv  Spike  upon  Its  Holding  Poiver 

In  countries  where  the  screw  spike  is  extensively  used  it  has 
been  perfected  in  detail  until  it  nearly  fulfills  the  requirements  of 
practice.  In  North  America  the  screw  spike  will  probably  be  the 
successor  to  the  ordinary  spike,  and  it  may  again  be  necessary  to 
adjust  the  details  to  suit  local  conditions.  Therefore  a  few  obser- 
vations on  the  relation  of  somxe  of  the  details  of  this  spike  to  its 
holding  power  come  within  the  scope  of  this  paper.  The  details 
to  be  discussed  are  the  diameter  of  the  core,  the  projection  and 
pitch  of  the  thread  and  the  length  of  the  thread.  These  details 
being  interdependent  v/ill  be  discussed  collectively. 

The  soft  steel  from  which  the  screw  spike  is  made  has  an  ulti- 
mate strength  of  about  66,000  pounds  per  square  inch,  so  that  the 
tensile  strength  of  a  spike  11-16  of  an  inch  in  diameter  is  approxi- 
mately 24,000  pounds.  The  ultimate  compressive  resistance  across 
the  grain  of  well- seasoned  white  oak  is  about  4,000  pounds  per 
square  inch,  and  experiments  demonstrate  that  the  thread  of  the 
spike  in  compacting  the  wood  fibers  increases  the  resistance  about 
40  percent.*  Tlierefore,  taking  5,600  pounds  as  the  ultimate  com- 
pressive strength  of  compacted  white  oak,  and  taking  17  3-4  inches 
and  1-8  of  an  inch  respectively  as  the  length  and  projection  of  the 
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TABLE  XIX 

Relative  Holding  Power  of  the  Screw  Spike  and  of  the 
Ordinary  Spike  in  Several  Timbers 
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Kind  of 
Spike 

Resistance  in  Pounds 
for 

Relative 
Resistances 

Kind  of 

Tie 

1-8-in. 
Pull 

1-4-in. 
Pull 

Max. 

Resist. 

1-8-in. 
Pull 

1-4-in. 
Pull 

Max. 

Resist. 

Water  Oali 
Blaclf  Oak 
Red  Oak 
White  Oak 
Ash 
Beech 
Elm 
Poplar 
Chestnut 

Sweet  Gum 

Loblolly 
Pine 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 

Screw' 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

Ordinary 
Screw 

2870 
4888 

2910 
4760 

2950 
4900 

3510 
6250 

3570 
5700 

2600 
6450 

2380 
5120 

2830 
3880 

2850 
3690 

3230 
5430 

2920 

5750 

5730 
9180 

5890 
10420  • 

5350 
10400 

5950 
11900 

5200 
10470 

5490 
13140 

5580 
10090 

5290 
6210 

4070 
6340 

4120 

7710 

3500 
9050 

6780 
12190 

7230 
14110 

7730 
13560 

7870 
12630 

77.30 
12760 

8840 
16230 

7500 
13690 

5670 
7490 

5200 

8700 

5300 

8280 

4300 
10620 

100 
170 

100 
164 

100 
166 

100 

178 

100 
162 

100 

248 

100 
215 

100 
137 

100 
129 

100 
167 

100 

197 

100 
160 

100 

177 

100 
194 

100 
200 

100 

200 

100 
221 

100 
181 

100 
117 

100 
155 

100 
162 

100 

258 

100 
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100 
203 

100 
176 

100 

188 

100 
165 

100 

238 

100 
183 

100 
132 

100 
167 

100 
156 

100 

247 

thread  on  the  5-inch  spike,  and  making  no  allowance  for  frictional 
resistance  between  the  core  of  the  spike  and  the  wood,  the  theo- 
retical resistance  would  be 

5,600  X  17  3-4  inches  x  1-8  inches=  12,430  pounds. 
The  average  actual  resistance  obtained  in  white  oak  ties  as  shown 
in  Table  XIX  is  12,630  pounds  which  agrees  closely    with    the 
theoretical  resistance.     The  tensile  strength  of  the  screw  spike  is 
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about  12,000  pounds  greater  than  the  maximum  resistance  of  white 
oak,  which  cliffe fence  is  greater  than  necessary  and  indicates  an 
uneconomical  use  of  metal  in  the  spike.  Since  the  ties  tested  are 
representative  of  American  practice,  there  is  no  apparent  reason 
for  not  having  the  ultimate  strength  of  the  two  materials  in  con- 
tact more  nearly  equal  than  at  present,  and  by  some  slight  change 
in  the  detail  of  the  spike  this  could  readily  be  accomplished. 
Three  ways  in  which  the  ultimate  strength  of  the  materials  may 
be  made  more  nearly  equal  are:  (1)  increase  in  length  of  threaded 
portion;  (2)  increase  in  projection  of  thread,  the  length  and  the 
diameter  of  the  core  remaining  the  same;  (3)  increase  in  projec- 
tion of  thread  at  the  expense  of  the  core,  the  length  remaining 
the  same.  The  pitch  is  assumed  to  be  1-2  inch  in  all  cases,  since  it 
has  been  found  in  practice  that  this  pitch  gives  better  results 
than  either  a  greater  or  smaller  pitch.* 

(1)  The  length  of  the  thread  on  the  5-inch  spike  is  17  3-4  inches 
and  the  width  is  1-8  of  an  inch;  therefore,  the  bearing  area  is  2.22 
square  inches.  If  the  spike  is  made  6  inches  long  two  convolu- 
tions of  the  thread  will  be  added,  the  bearing  area  will  become 
2.71  square  inches,  and  the  holding  power  will  be  increased  from 
12,630  pounds  to  15,180  pounds.  This  leaves  a  difference  of  only 
8,900  pounds  between  the  ultimate  strength  of  the  wood  and  that 
of  the  spike. 

(2)  If  the  length  of  the  spike  and  the  diameter  of  the  core  are 
not  changed,  and  if  the  projection  of  the  thread  is  increased  1-32 
of  an  inch,  the  total  resistance  would  amount  to  15,510  pounds, 
leaving  the  ultimate  strength  of  the  spike  only  8,500  pounds 
greater  than  that  of  the  wood. 

(3)  If  the  length  of  the  threaded  portion  of  the  spike  remains 
unchanged  and  if  the  projection  of  the  thread  is  increased  1-32  of 
an  inch  at  the  expense  of  the  core,  the  maximum  resistance  would 
amount  to  15,510  pounds,  while  the  ultimate  strength  of  the  spike 
would  be  reduced  to  20,200  pounds. 

The  diameter  of  the  shank  of  the  spike  would  have  to  be  in- 
creased with  some  of  the  changes  in  the  detail  of  the  lower  por- 
tion, and  when  the  resistance  to  lateral  displacement  is  taken  into 
account,  we  see  that  this  change  also  would  be  beneficial. 

The  conclusion  is  that  the  screw  spike  in  its  present  form  is 
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about  twice  as  efficient  as  the  ordinary  spike;  and  that  this  effi- 
ciency could  be  increased  by  some  slight  change  in  the  detail  of 
the  screw  spike. 

Art.  3    Holding  Power  of  Screw  Spikes  with  Helical 

Linings 

A  few  experiments  were  made  with  screw  spikes  having  hel- 
ical linings.  On  account  of  the  small  number  of  linings  obtainable 
the  tests  were  limited;  as  this  lining,  being  a  foreign  invention,  is 
not  yet  used  by  the  railroads  of  this  country  except  for  experi- 
mental purposes.  The  tests  were  still  further  limited  since  the 
linings  could  not  be  used  a  second  time;  and  further  since  all  of 
the  linings  could  not  be  driven  successfully,  as  the  friction  be- 
tween the  metal  and  the  wood  sometimes  caused  the  driver  to 
loosen  its  hold,  which  could  not  be  regained  even  after  carefully 
following  printed  instructions.  This  accounts  for  the  use  of  only 
two  linings  in  some  of  the  timber.  The  linings  together  with  a  set 
of  special  tools  for  inserting  them  in  the  tie  were  furnished  by 
Mr.  Robert  Trimble,  Chief  Engineer  Maintenance  of  Way, 
Pennsylvania  Lines,  (see  Plate  VII). 

The  linings  were  made  by  Mr.  J.  Thiollier  of  Paris,  Prance,  and 
are  described  by  him  as  being  0.33  inch  by  0.17  inch  in  section, 
and  also  as  being  of  the  class  whiclj  he  calls  P.  M.  or  small  sized 
linings?  They  were  4  inches  long  with  a  1-2-inch  pitch.  The  total 
diameter  was  1  5-16  inches,  the  diameter  inside  of  the  spiral  band 
slightly  over  11-16  of  an  inch,  and  thCythickness  and  width  of  the 
metal  band  1-8  and  1-4  of  an  inch,  respectively.  The  linings  were 
evidently  designed  to  be  used  with  the  screw  spike  of  the  French 
Eastern  Railway,  No,  1,  Table  XVI,  and  hence  they  were  tested 
with  this  spike  only. 

The  method  of  fixing  the  lining  in  place  was  as  follows:  A  hole 
having  the  same  diameter  as  the  core  of  the  spike  was  bored  in 
the  tie;  the  hole  was  tapped,  and  the  lining  inserted  by  means  of 
special  tools  designed  for  the  purpose;  the  spike  was  inserted  in 
the  usual  manner. 

The  detailed  results  of  these  tests  are  shown  in  Table  XX, 
and  the  average  results  are  shown  graphically  in  Plates  II  and  III. 
The  relative  holding  power  of  the  several  kinds  of  spikes  in  dif- 
ferent timbers  is  shown  in  Table  XXI.  The  results  of  this  table 
and  the  diagrams  in  Plates  II  and  III  show  that  in  hard    woods 
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the  resistances  for  a  1-8-incli  pull  are  usually  greater  for  the  spike 
and  lining  than  for  the  naked  screw  spike,  but  for  pulls  greater 
than  1-8  of  an  inch  the  reverse  is  true.  In  soft  woods  the  spike  and 
lining  gave  greater  resistances  than  the  naked  screw  spike  except 
in  sweet  gum.  The  lower  resistance  in  the  hard  woods  is  account- 
ed for  by  the  fact  that  the  spike  begins  to  move  before  the  lining, 
and  the  fibers,  being  hard,  are  bent  slightly  upward  so  that  the 
bearing  surfaces  of  the  wood  and  the  spike  are  only  partially  in 
contact.  Moreover,  the  fibers  probably  slip  over  the  rounded 
edge  of  the  lining,  which  tends  to  lower  the  resistance.  In  the 
soft  woods  more  than  in  the  hard  woods,  the  fibers  mash  together 
as  the  spike  is  j)ulled  out,  consequently  the  bearing  surfaces  of 
the  wood  and  the  spike  have  full  contact  and  the  resistance  is 
greater  than  with  the  naked  screw  spike. 

In  justice  to  Mr.  ThioUier  it  is  only  right  to  say  that  he 
claims  no  more  for  the  P.  M.  lining  than  is  set  forth  in  these  ex- 
periments. He  says  that  the  P.  M.  lining  will  offer  no  more  resist- 
ance than  a  naked  screw  spike.  The  principal  claims  for  the 
P.  M.  lining  are  that  it  can  be  placed  on  the  track  without  re- 
moving either  the  rail  or  the  tie,  and  that  it  forms  an  advantag- 
eous substitute  for  the  square  wooden  dowel  used  on  some  rail- 
ways. 

As  a  repair  measure  this  lining  is  of  doubtful  value,  for  it  ex- 
tends only  about  1-8  of  an  inch  beyond  the  thread  of  the  spike;  and 
when  the  spike  has  been  pulled  even  a  small  distance  the  adjacent 
wood  is  badly  damaged,  so  that  the  wood  which  remains  after  the 
hole  is  tapped  for  the  lining  can  offer  but  slight  resistance.  More- 
over, it  is  not  certain  that  the  extreme  fibers  reached  by  the  lin- 
ing are  not  somewhat  affected,  hence  it  would  be  better  to  ream 
the  hole,  cutting  out  all  damaged  wood  and  to  introduce  a  thread- 
ed hard  wood  dowel,  or  to  use  a  lining  of  larger  size. 

The  writer  claims  that  the  use  of  the  small  lining  is  imprac- 
ticable for  the  following  reasons:  (1)  It  is  designed  to  be  put  in 
place  with  the  tie  in  the  track;  (2)  The  lining  cannot  always  be 
inserted  into  the  wood  to  its  full  length  by  means  of  hand  tools, 
even  with  utmost  precaution;  (3)  At  best  the  holding  power  is 
not  increased  to  any  marked  degree  over  that  of  the  naked  screw 
spike;  and  (4)  The  labor  involved  is  more  than  double  that  re- 
quired to  drive  the  naked  screw  spike,  and  the  cost  is  increased. 
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TABLE  XX 
Kesistanck  of  Screw  Spikes  with  Helical  Linings 


Kind  of 
Tie 

6 

CO 

M 
<V 

tt-i 
o 

Eesistance  in  Pounds  for 
Pull  of 

Maximum 
Resistance 

o 

1-8  in. 

1-4  in. 

1-2  in. 

3-4  in. 

1  in. 

Pounds 

Pull, 
in. 

Ash 

1 

1 

2 
3 

Av. 

8410 
5830 
5670 

11380 

8670 
8070 

10150 
9410 
7930 

7570 
6590 
4690 

6480 
5630 
4200 

12160 
10500 

8750 

1-4 

3-8 
3-8 

6640 

9370 

9160 

.  6280 

5440 

10470 

3-8 

Sweet  Gum 

3 

1 
2 
3 

6010 

4830 
4270 

9100 
6440 
6250 

7750 
7650 
8600 

5380 
6270 
6130 

5150 
4380 
4410 

9510 
7970 
'8600 

1-4 

3-8 
1-2 

Av. 

5030 

7260 

8000 

5930 

4650 

8690 

3-8 

Water  Oak 

26 

1 

2 

3420 
2970 

7100 
6460 

11080 
12080 

8290 
9250 

8740 
9170 

11080 

12080 

1-2 
1-2 

Av. 

3190 

6780 

11580 

8780 

8960 

11580 

1-2 

White  Oak 

32 

1 
2 

5810 
7070 

10740 
11020 

8420 
6650 

6890 
6170 

7120 
6340 

12900 
11020 

3-8 
1-4 

Av. 

6440 

10880 

7530 

6530 

6750 

11960 

3-8 

Black  Oak 

23 

1 
2 

5960 
5420 

111.30 
9710 

9810 
10770 

8560 

8470 

7520 

7960 

12550 
12460 

3-8 

3-8 

Av. 

5690 

10420 

10290 

8510 

7740 

12500 

3-8 

Beech 

1 

2 

10830 
8610 

10120 
11600 

8070 
11850 

7320 
10350 

5390 

6280 

10830 
13480 

1-8 
3-8 

Av. 

9720 

10860 

9960 

8830 

5830 

12150 

1-4 

Poplar 

11 

1 
2 
3 

3970 
4080 
3670 

8860 
9470 
8260 

9900 

10550 

9910 

5880 
5940 
6030 

5300 
5110 
5250 

9920 

11140 

9910 

3-8 
3-8 
1-2 

Av. 

3910 

8860 

10120 

5950 

3220 

10320 

3-8 

Chestnut 

1 
2 
3 

7020 
5750 
6300 

9600 
7010 
7240 

8230 
8890 
9280 

6920 
8180 
7660 

6120 
6730 
6860 

9770 
8890 
9280 

3-8 
1-2 
1-2 

Av. 

6390 

7950 

8810 

7590 

6900 

9150 

1-2 
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TABLE  XXI 

Relative  Holding  Power  of  the  Ordinary  Spike,  the  Screw 

Spike,  and  the  Screw  Spike  with  Helical  Lining 

IN  Several  Timbers 


Kind  of 

Kind  of 

Resistance  in  Pounds  for 

Relat 

-ve  Resistance 

Tie 

Spike 

1-8-in. 
Pull 

1-4-in. 
Pull 

Max. 

Resist. 

1-8-in. 
Pull 

1-4-in. 
Pull 

Max. 

Resist. 

White  Oak 

Ordinary 
Screw* 
Lining 

3510 
6250 
6440 

5950 
11900 

10880 

7870 
12630 
11960 

100 

178 
183 

100 
200 
183 

100 
188 
152 

"Water  Oali 

Ordinary 
Screw* 
Lining 

2870 
4880 
3190 

5730 
9180 

6780 

6780 
12190 
11580 

100 
170 
111 

100 
160 
118 

100 
179 
171 

Black  Oak 

Ordinary 

Screw* 
Lining 

2910 
4760 
5690 

5890 
10420 
10420 

7230 
14110 
12500 

100 
164 
195 

100 
177 
177 

100 
203 
173 

Asli 

Ordinary 
Screw* 
Lining 

3570 
5700 
6640 

5200 

10470 

9370 

7730 
12760 
10470 

100 
162 

186 

100 
200 
180 

100 
165 
135 

Beech 

Ordinary 
Screw* 
Lining 

2600 
6450 
9720 

5490 
13140 

10860 

8840 
16230 
12150 

100 

248 
373 

100 
221 

198 

100 

238 
138 

Poplar 

Ordinary 
Screw* 
Lining 

2830 
3850 
3910 

5290 
6210 

8860 

5670 

7490 

10320 

100 
137 
138 

100 
117 
162 

100 
132 

182 

Chestnut 

Ordinary 

Screw* 
Lining 

2850 
3690 
6390 

4070 
6340 
7950 

5200 

8700 
9150 

100 
129 

224 

100 
155 
195 

100 
167 
176 

Sweet  Gum 

Ordinary 

Screw* 
Lining 

3230 
5430 
5030 

4120 
7710 
7260 

5300 

8280 
8690 

100 
167 
136 

100 
162 
176 

100 
156 
164 

*    Screw  spike  with  helical  lining. 


plate:  vim 


Impact  Apparatus 
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PART  II     RESISTANCE  TO  LATERAL  DISPLACEMENT 

The  railroad  spike  is  subjected  not  only  to  a  direct  pull  by 
the  undulation  of  the  rail,  but  also  to  a  horizontal  thrust  due  to 
the  lateral  movement  of  the  rail.  On  roads  having  a  large  amount 
of  curvature  the  lateral  resistance  is  of  more  importance  than  that 
of  direct  pull. 

To  determine  the  amount  of  the  resistance  to  lateral  displace- 
ment which  is  developed  by  various  forms  of  spikes  the  writer 
made  a  series  of  tests  in  which  the  lateral  thrust  was  produced  by 
the  blows  of  a  heavy  hammer.  The  hammer  consisted  of  a  cast- 
iron  weight  suspended  by  a  wooden  rod  from  the  joists  of  the  floor 
above. 

The  place  in  which  the  apparatus  was  used  was  such  that  a 
good  photograph  could  not  be  taken.  Plate  VIII  is  a  view  of  the 
apparatus  set  up  in  a  light  suitable  for  photographing.  All 
essential  features  are  correctly  represented.  Fastened  to  the 
joists  were  metal  strips  upon  which  the  knife  edges  of  the  rock- 
ing arm  rested.  These  strips  were  6  feet  long,  and  were  notched 
along  the  entire  upper  edge  to  permit  the  placing  of  the  rocking 
arm  in  different  positions.  The  length  of  the  suspending  rod  was 
9  feet. 

The  weight  of  the  hammer  was  100  lb.  and  the  distance 
through  which  it  was  allowed  to  fall  was  1  1-2  feet,  so  that  the 
amount  of  the  impact  for  each  blow  was  150  ft. -lb.  The  hammer 
delivered  its  blow  on  the  end  of  a  tool- steel  bar  which  projected 
beyond  the  end  of  the  tie,  the  other  end  of  the  bar  being  shaped 
to  fit  under  the  head  of  the  spike. 

The  spikes  used  in  this  series  of  tests  were  9-16  inch  and  5-8  inch 
ordinary  spikes  and  screw  spikes.  Each  spike  was  subjected  to 
five  blows  and  the  displacement  produced  by  each  blow  was  care- 
fully measured.  Usually  four  or  five  spikes  of  each  kind  were 
tested,  but  when  there  was  much  lack  of  uniformity  in  the  results 
a  larger  number  were  tested. 

All  of  the  spikes  were  bent  to  a  curve,  the  central  point  of 
which  was  about  1  1-2  inches  below  the  surface  of  the  tie.  The  ordi- 
nary spikes  were  pulled  from  the  tie  a  short  distance,  but  the 
thread  of  the  screw  spikes  gripped  the  wood  so  as  to  prevent  the 
spike  from  being  pulled  out  even  a  perceptible  amount. 


54  illinois  engineering  experiment  station 

Art.  3    Lateral  Resistance  op  Ordinary  Spikes 

The  detailed  results  of  the  experiments  with  ordinary  spikes 
are  given  in  Table  XXII  and  the  average  movement  of  the  spike 
for  each  of  the  several  blows  is  shown  in  Table  XXIII.  The  aver- 
age total  movement  of  the  5-8  inch  spikes  in  the  first  seven  tim- 
bers was  0.65  inch,  and  that  of  the  9-16  inch  spikes  was  0.75  inch. 
In  the  last  four  timbers  the  average  total  movement  of  the  5-8  inch 
spikes  was  0.74  inch,  and  that  of  the  9-16  inch  spikes  was  0.94 
inch. 

The  total  deflection  of  the  9-16  inch  spikes  was  usually  suffi- 
cient to  allow  a  rail  to  clear  the  head  of  the  spike  if  it  were  over- 
turned. The  corresponding  movement  of  the  5-8  inch  spikes  was 
not  usually  sufficient  to  allow  a  like  clearance,  although  it  was 
considerably  more  than  would  be  allowed  in  practice. 

The  first  blow  is  of  more  importance  than  the  succeeding 
blows  in  testing  the  efficiency  of  a  spike.  While  the  distances 
through  which  the  different  sized  spikes  were  deflected  by  the 
first  blow  differ  but  a  small  amount,  this  difference  is  sufficient  to 
show  that  the  deflection  is  less  for  the  5-8  inch  spikes  than  for  the 
9-16  inch. 

These  results,  together  with  the  fact  that  the  5-8  inch  spikes 
were  bent  less  by  the  impact  than  the  9-16  inch  spikes,  indicate 
that  the  5-8  inch  spike  is  more  efficient  in  resisting  lateral  displace- 
ment than  the  9-16  inch  spike. 

Art.  4    Lateral  Resistance  of  Screw  Spikes 

The  method  of  determining  the  lateral  resistance  of  screw 
spikes  was  the  same  as  that  used  for  ordinary  spikes.  The  results 
for  this  set  of  tests  are  given  in  Table  XXIV.  The  screw  spikes 
used  were  all  practically  alike  except  that  they  were  of  various 
lengths.  In  making  the  tests  the  spikes  were  used  indiscriminate- 
ly, but  since  they  were  not  all  of  the  same  length  some  tests  were 
made  to  determine  the  effect  of  impact  upon  spikes  which  were 
driven  into  the  tie  to  different  depths.  The  spikes  used  for  the 
latter  tests  were  all  of  the  same  make,  and  were  cut  to  lengths  of 
3,  3  1-2,  4,  4  1-2  and  5  inches,  and  were  all  driven  into  a  single  kind 
of  timber.  The  results  of  these  tests  are  shown  in  Table  XXV, 
While  the  results  for  the  4-  and  4  1-2-inch  spikes  are  the  same,  the 
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TABLE  XXII 
Detailed  Eesults  of  Impact  Tests  of  Ordinaky  Spikes 


Total  Lateral  Movement  of  Spikes  in 

Inches 

Size  of 
Spike, 
in.  sq. 

Kind  of 
Tie 

ITumber  of  Blows 

1 

2 

3 

4 

5 

White  Oak 

9-16 

0.27 

0.35 

0.48 

0.65 

0.81 

.18 

.35 

.56 

.67 

.73 

.10 

.22 

.33 

.45 

.54 

.30 

.35 

.50 

.52 

.60 

Av. 

.21 

.35 

.60 

.74 

.93 

0.21 

0.32 

0.49 

0.61 

0.70 

5-8 

0.11 

0.20 

0.26 

0.30 

0.39 

.15 

.30 

.41 

.50 

.57 

.19 

.36 

.50 

.60 

.68 

.21 

..36 

.49 

.65 

.74 

Av. 

.20 

.34 

.42 

.50 

.57 

0.17 

0.31 

0.42 

0.51 

0.59 

Water  Oak 

9-16 

0.23 

0.34 

0.52 

0.60 

0.75 

.20 

.33 

.56 

.73 

.88 

.14 

.42 

.53 

.68 

.75 

.20 

.35 

.48 

.54 

.65 

Av. 

.19 

.39 

.63 

.72 

.78 

0.19 

0.37 

0.54 

0.65 

0.76 

5-8 

0.12 

0.25 

0.36 

0.48 

0.55 

.20 

.37 

.54 

.63 

.69 

.15 

.25 

.31 

.39 

.50 

.19 

.28 

.43 

.51 

.65 

Av. 

.20 

.37 

.53 

.65 

.69 

0.17 

.30 

0.43 

0.53 

0.61 

Black  Oak 

9-16 

0.25 

0.40 

0.56 

0.70 

0.75 

.13 

.30 

.41 

.58 

.72 

.16 

.32 

.49 

.58 

.70 

.24 

.44 

.62 

.71 

.80 

.23 

.35 

.56 

.65 

.69 

Av. 

.26 

.39 

.59 

.67 

.78 

0.21 

0.37 

0.54 

0.65 

0.71 

Black  Oak 

5-8 

0.23 

0.38 

0.50 

0.58 

0.65 

.17 

.30 

.42 

.53 

.64 

.17 

.35 

.50 

.61 

.77 

.15 

.32 

.40 

.49 

.55 

.11 

.26 

.37 

.41 

.45 

Av. 

.22 

.35 

.50 

.59 

.65 

0.17 

0..33 

0.45 

0.53 

0.62 
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TABLE  XXII— Continued 


Size  of 
Spike, 
in.  sq. 

Total  Lateral  Movement  of  Spikes  in 

Inches 

Kind  of 
Tie 

Kumber  of  Blows 

1 

2 

3 

4 

5 

Red  Oak 

9-16 

0.21 

0.35 

0.51 

0.61 

0.73 

.19 

.30 

.46 

.57 

.75 

.20 

.37 

.55 

.64 

.77 

Av. 

.22 

.41 

.49 

.61 

.72 

0.21 

0.36 

0.50 

0.61 

0.74 

5-8 

0.12 

0.21 

0.32 

0.42 

0.49 

.15 

.24 

.34 

.43 

.50 

.12 

.25 

.35 

.49 

.53 

Av. 

.18 

.42 

.55 

.72 

.85 

0.14 

0.28 

0.39 

0.52 

0.60 

Ash 

9-16 

0.24 

0.45 

.057 

0.68 

0.80 

.24 

.43 

.53 

.65 

.74 

.20 

.33 

.52 

.65 

.75 

Av. 

.25 

.41 

.60 

.72 

.83 

0.23 

0.41 

0.56 

0.68 

0.78 

5-8 

0.19 

0.37 

0.55 

0.73 

0.84 

.19 

.33 

.  .48 

.64 

.75 

J8 

..31 

.44 

.60 

.69 

Av. 

.15 

.30 

.39 

.54 

.63 

0.18 

0.33 

0.47 

0.63 

0.73 

Elm 

9-16 

0.22 

0..33 

0.50 

0.67 

0.78 

.21 

.30 

.39 

.56 

.70 

.25 

.37 

.49 

.58 

.66 

Av. 

.18 

.30 

.43 

.54 

.67 

0.22 

0.33 

0.45 

0.59 

0.70 

5-8 

0.20 

0.38 

0.50 

0.61 

0.71 

.21 

.35 

.48 

.60 

.72 

.20 

.35 

.49 

.61 

.70 

Av. 

.21 

.32 

.44 

.55 

.66 

0.21 

0.35 

0.48 

0.59 

0.70 

Beech 

9-16 

0.28 

0.30 

0.58 

0.72 

0.87 

.26 

.46 

.57 

.75 

.86 

.21 

.32 

.53 

.65 

.75 

.30 

.54 

.63 

.71 

.89 

.19 

.37 

.55 

.70 

.80 

Av. 

.27 

.46 

.61 

.72 

.86 

0.25 

0.41 

0.58 

0.71 

0.84 
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TABLE  XXll— Continued 


Size  of 
Spike, 

Total  Lateral  Movement  of  Spikes  in 

Inches 

Kind  of 
Tie 

ISTumber  of  Blows 

in.  SQ- 

1 

2 

3 

4 

5 

5-8 

0.15 

0.23 

0.33 

0.46 

0.53 

.13 

.20 

.29 

.41 

.49 

.16 

.27 

.36 

.49 

.58 

.12 

.26 

.43 

.50 

.57 

.12 

.30 

.37 

.46 

.62 

Av. 

.14 

.25 

.31 

.39 

.50 

0.14 

0.25 

0..35 

0.45 

0.55 

Poplar 

9-16 

0.27 

0.41 

0.59 

0.75 

0.88 

.22 

.40 

.54 

.67 

.74 

.30 

.45 

.60 

.68 

.27 

.41 

.54 

.75 

".84 

Av. 

.27 

.40 

.52 

.61 

.76 

0.27 

0.41 

0.56 

0.69 

0.81 

5-8 

0.10 

0.29 

0.41 

0.50 

0.63 

.16 

.28 

.41 

.51 

.60 

.20 

..39 

.50 

.66 

.75 

Av. 

.17 

.39 

.39 

.46 

.57 

0.16 

0.34 

0.43 

0.53 

0.64 

Chestnut 

9-16 

0.35 

0.65 

0.90 

1.06 

1.40 

.35 

.60 

.80 

.97 

1.10 

.35 

.60 

.90 

1.12 

1.35 

.31 

.62 

.91 

1.01 

1.19 

.29 

.52 

.75 

.93 

1.18 

Av. 

.30 

.50 

.73 

.93 

1.19 

0.32 

0.58 

0.83 

1.00 

1.23 

5-8 

0.17 

0.40 

0.60 

0.78 

0.85 

.10 

.30 

.67 

.88 

1.05 

.27 

.45 

.63 

.80 

.92 

.25 

.48 

.70 

.91 

1.03 

.24 

.40 

.57 

.75 

.90 

Av. 

.28 

.42 

.53 

.65 

.84 

0.22 

0.41 

0.61 

0.79 

.93 

Sweet  Gum 

9-16 

0.29 

0.51 

0.60 

0.78 

0.95 

.23 

.40 

.66 

.75 

.88 

.30 

.51 

.67 

.75 

.92 

Av. 

.31 

.54 

.72 

.97 

1.10 

0.28 

0.49 

0.66 

0.81 

0.96 
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TABLE  XXll— Concluded 


Size  of 
Spike, 
in.  sq. 

Total  Lateral  Movement  of  Spikes  in  Inches 

Kind  of 

Tie 

IS^umber  of  Blows 

1 

2 

3 

4 

5 

Sweeb  Gum 

5-8 

Av. 

9-16 

Ay. 

5-8 

Av. 

0.14 
.18 
.16 
.14 

0.28 
.35 
.33 
.38 

0.45 
.54 
.46 
.42 

0.62 
.62 
.62 
.50 

0.78 
.75 
.70 
.61 

Loblolly 
Pine 

0.16 

0.22 
.23 
.12 
.24 
.26 
.23 

0.34 

0.33 

.38 
.23 
.37 

.42 
.45 

0.47 

0.50 
.65 
.35 
.58 
.53 
.64 

0.59 

0.61 
.76 
.42 
.71 

.70 

.72 

0.17 

0.70 
.81 
.50 
.88 
.75 
.77 

0.22 

0.16 
.17 
.17 
.15 
.23 
.12 
.23 

0.36 

0.30 
.42 
.22 
.23 
.38 
.19 
.39 

0.54 

0.40 
.63 
.30 
.40 
.46 
.29 
.53 

0.65 

0.50 
.72 
.51 
.52 
.61 
.36 
.68 

0.74 

0.65 
.85 
.55 
.59 
.71 
.41 
.78 

0.18 

0.30 

0.43 

0.56 

0.65 

averages  in  the  last  column  of  the  table  show  that  the  amount  of 
the  lateral  movement  decreases  as  the  depth  of  penetration  in- 
creases. Also,  the  difference  between  the  deflections  of  the  4-,  4 1-2- , 
and  5-inch  spikes  is  practically  negligible,  but  for  shorter  lengths 
the  difference  in  the  deflections  becomes  greater. 

Table  XXVI  gives  the  lateral  movement  of  the  screw  spikes 
for  each  of  the  several  blows  for  which  the  total  movements 
were  given  in  Table  XXIV.  The  number  of  spikes  used  in  each 
kind  of  timber  was  usually  three;  but  in  case  there  was  consider- 
able variation  in  the  results,  more  spikes  were  tested.  By  a  study 
of  this  table  the  effect  of  impact  upon  screw  spikes  in  different 
kinds  of  timber  may  be  determined. 


WEBBER — HOLDING   POWER   OF   RAILROAD    SPIKES 


59 


TABLE  XXIII 
Lateral  Movement  of  Ordinary  Spikes  for  Each  Blow 


Kind 
of  Tie 

CO 
0)      . 

Movement  for  Each  of  the  Several 
Blovi's,  inches 

d 
be  f^  to 

1 

2 

3 

4 

5 

a>  o  o 

"White  Oal^ 

9-16 

5-8 

0.21 

0.17 

0.11 
0.14 

0.17 
0.11 

0.12 
0.09 

0.09 

0.08 

0.136 
0.118 

Water  Oak 

9-16 

5-8 

0.19 
0.17 

0.18 
0.13 

0.17 
0.13 

0.11 
0.10 

0.11 

0.08 

0.152 
0.122 

Black  Oak 

9-16 

5-8 

0.21 
0.17 

0.16 
0.16 

0.17 
0.12 

0.11 

0.08 

0.06 
0.09 

0.142 
0.124 

Red  Oak 

9-16 

5-8 

0.21 
0.14 

0.15 
0.14 

0.14 
0.11 

0.11 
0.14 

0.13 

0.08 

0.148 
0.122 

Ash 

9-16 

5-8 

0.23 
0.18 

0.18 
0.15 

0.15 
0.14 

0.12 
0.16 

0.10 
0.10 

0.156 
0.146 

Elm 

9-16 

5-8 

0.22 
0.21 

0.11 
0.14 

0.12 
0.13 

0.13 
0.11 

0.11 
0.11 

0.138 
0.140 

Beech 

9-16 

5-8 

0.25 
0.14 

0.16 
0.11 

0.17 
0.10 

0.13 
0.10 

0.13 
0.10 

0.168 
0.110 

Poplar 

9-16 

5-8 

0.27 
0.16 

0.14 

0.18 

0.15 
0.09 

0.14 
0.10 

0.12 
0.11 

0.164 
0.128 

Chestnut 

9-16 

5-8 

0.32 
0.22 

0.26 
0.19 

0.25 
0.20 

0.17 
0.18 

0.23 
0.14 

0.246 
0.186 

Sweet  Gum 

9-16 

5-8 

0.28 
0.16 

0.21 

0.18 

0.17 
0.13 

0.15 
0.12 

0.15 
0.12 

0.192 
0.142 

Loblolly  Pine 

9-16 

5-8 

0.22 

0.18 

0.14 
0.12 

0.18 
0.13 

0.11 
0.13 

0.04 
0.09 

0.148 
0.128 
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TABLE  XXIV 

Detailed  Eesults  of  Impact  Tests  of  Screw  Spikes 


Total  Lateral  Movement  of  Spike,  in 

Inches 

Kind  of 
Tie 

Number  of  Blows 

1 

2 

3 

4 

5 

White  Oak 

0.09 

0.16 

0.23 

0.30 

0.38 

.10 

.20 

.24 

..32 

.41 

Av. 

.07 

.14 

.21 

.28 

.40 

0.09 

0.17 

0.23 

0.30 

0.40 

Black  Oak 

0.11 

0.21 

0.26 

0.36 

0.40 

.10 

.19 

.25 

.33 

.44 

Av. 

.11 

.18 

.24 

.31 

.42 

0.11 

0.19 

0.25 

0.33 

0.42 

Water  Oak 

0.09 

0.13 

0.22 

0.33 

0.42 

.11 

.17 

.23 

.34 

.45 

Av. 

.08 

.18 

.26 

.35 

.41 

0.09 

0.16 

0.24 

0.34 

0.43 

Bed  Oak 

0.12 

0.21 

0.35 

0.45 

0.54 

.11 

.20 

.34 

.44 

.52 

Av. 

.17 

.23 

.33 

.46 

.52 

0.13 

0.21 

0.34 

0.45 

0.53 

Ash 

0.17 

0.23 

0..34 

0.47 

0.54 

.18 

.27 

.35 

.46 

.55 

Av. 

.12 

.25 

.33 

.45 

.53 

0.16 

0.25 

0.34 

0.46 

0.54 

Elm 

0.11 

0.30 

0.38 

0.48 

0.56 

.12 

.22 

.37 

.49 

.53 

.21 

.40 

.58 

.85 

.96 

Av. 

.25 

.40 

.52 

.63 

.75 

0.17 

0.33 

0.46 

0.61 

0.70 

Beech 

0.10 

0.18 

0.23 

0.28 

0.36 

.11 

.18 

.26 

.31 

.37 

.12 

.19 

.25 

.32 

.42 

.16 

.28 

-      .38 

.49 

.58 

.17 

.31 

.52 

.58 

.65 

Av. 

.20 

.40 

.52 

.60 

.68 

0.14 

0.26 

0.36 

0.43 

0.51 
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TABLE  XXTV— Concluded 


Total  Lateral  Movement  of  Spike,  in 

[nches 

Kind  of 
Tie 

Number  of  Blows 

1 

2 

3 

4 

5 

Poplar 

0.09 

0.16 

0.32 

0.60 

0.78 

.10 

.16 

.27 

.40 

.61 

.09 

.15 

.34 

.39 

.49 

.19 

.35 

.44 

.61 

.78 

.18 

.40 

.53 

.62 

.75 

.17 

.27 

.40 

.63 

.71 

Av. 

.16 

.30 

.39 

.51 
0.54 

.62 

0.17 

0.24 

0.38 

0.67 

Chestnub 

0.16 

0.23 

0.38 

0.43 

0.50 

.13 

.22 

.37 

.52 

.56 

.12 

.24 

.33 

.42 

.51 

.20 

.31 

.39 

.51 

.59 

Av. 

.19 

.28 

.39 

.48 

.65 

0.16 

0.26 

0.37 

0.47 

0.56 

Sweet  Gum 

0.20 

0.38 

0.52 

0.68 

0.78 

.26 

.46 

.60 

.71 

.79 

.30 

.48 

.51 

.74 

•8g 

.18 

.32 

.40 

.49 

.61 

Av. 

.25 

.38   . 

.47 

.59 

.68 

0.24 

0.40 

0.50 

0.64 

0.74 

Loblolly  Pine 

0.20 

0.41 

0.62 

0.72 

0.88 

.21 

.39 

.58 

.69 

.78 

.21 

..32 

.48 

.64 

.81 

Av. 

.23 

.37 

.56 

.66 

.80 

0.21 

0.37 

0.56 

0.68 

0.82 

Table  XXVII  is  given  to  facilitate  the  comparison  of  the  rel- 
ative lateral  resistance  of  ordinary  and  screw  spikes.  The  data 
were  collected  from  Tables  XXIIl  and  XXVI.  The  average  total 
deflection  of  the  screw  spike  in  the  first  seven  timbers  is  0 .  50  inch 
which  is  0 .  15  inch  less  than  that  of  the  5-8-inch  ordinary  spike  and 
0 .  25  inch  less  than  that  of  the  9-16-inch  ordinary  spike.     In  the 
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TABLE  XXV 

Relation  Between  the  Depth  of  Penetration  and  the    Resistance 
TO  Lateral  Displacement 


Deflection  in  Inches 

0) 

Depth 

of 

Insertion 

Number  of  Blows 

=«    !m    ?    ^ 
5-    O    ^    ?^ 

1 

2 

3 

4 

5 

3  in. 

0.24 
.22 
.24 

0.46 
.41 
.43 

0.64 
.55 

.67 

0.78 
.69 
.76 

0.87 
.84 
.98 

Av. 

0.23 

0.43 

0.62 

0.73 

0.90 

0.582 

3  1-2  in. 

0.24 
.24 

.19 

0.46 
.39 
.34 

0.62 
.53 
.49 

0.77 
.69 
.63 

0.80 

.80 
.74 

Av. 

0.22 

0.40 

0.55 

0.70 

0.78 

0.530 

4  in. 

.20 
.21 
.23 

0.39 
.40 
.33 

0.49 

.57 
.57 

0.60 
.63 
.62 

0.71 

.77 
.72 

Av. 

0.21 

0.37 

0.54 

0.62 

0.73 

0.494 

4  1-2  in. 

0.24 
.20 
.22 

0.30 
.34 
.36 

0.50 
.53 
.54 

0.65 
.68 
.62 

0.74 
.73 

.79 

Av. 

0.22 

0.33 

0.52 

0.65 

0.75 

0.494 

5  in. 

0.22 
.23 

•  .15 

0.38 
.40 
.34 

0.49 
.55 

.48 

0.61 
.67 
.57 

0.71 
.75 
.69 

Av. 

0.20 

0.34 

0.51 

0.62 

0.72 

0.478 

last  four  kinds  of  timber  the  average  total  deflection  of  the  screw 
spike  was  0 .  70  inch,  which  is  practically  the  same  as  that  of  the 
5-8-inch  ordinary  spike,  but  which  is  0.24  inch  less  than  that  of 
9-16-inch  common  spike.  The  results  in  the  last  two  columns 
of  Table  XXVII  show  that  the  screw  spike  is  superior  to  the 
9-16-inch  ordinary  spike  in  all  but  two  kinds  of  timber,  and  that 
the  screw  spike  has  a  higher  efficiency  than  the  5-8-inch  ordinary 
spike  in  all  but  three  kinds  of  timber. 
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TABLE    XXVI 
Lateral  Movement  of  the  Screw  Spike  for  Each  Blow 


Kind 
of  Tie 

Movement  for  Each  of  the 
Several  Blows 

.rage 
)ve- 
nt, 
/hes 

1 

2 

3 

4 

5 

5^a.s 

White  Oak 

0.09 

0.08 

0.05 

0.07 

0.10 

0.078 

Black  Oak 

0.11 

0.08 

0.06 

0.07 

0.09 

0.082 

Water  Oak 

0.09 

0.07 

0.08 

0.10 

0.09 

0.086 

Eed  Oak 

0.13 

0.08 

0.13 

0.12 

0.08 

0.108 

Ash 

0.16 

0.09 

0.09 

0.12 

0.08 

0.108 

Elm 

0.17 

0.16 

0.13 

0.15 

0.09 

0.140 

Beech 

0.14 

0.12 

0.10 

0.07 

0.08 

0.102 

Poplar 

0.17 

0.07 

0.12 

0.16 

0.13 

0.1.30 

Chestnut 

0.16 

0.10 

0.11 

0.10 

0.09 

0.132 

Sweet  Gum 

0.24 

0.16 

0.10 

0.14 

0.10 

0.148 

Loblolly  Pine 

0.21 

0.13 

0.19 

0.12 

0.14 

0.154 

The  last  two  columns  in  Table  XXVII  show  that  the  ordinary- 
spike  was  usually  displaced  more  than  the  screw  spike  by  each 
blow.  This  should  be  expected  since  the  common  spike  was 
smaller  in  cross  section  than  the  screw  spike,  and  also  since  the 
latter  had  better  bond  with  the  wood.  While  the  use  of  the  screw 
spike  is  recommended  to  the  American  railroads,  it  is  thought 
that  the  practice  of  Bavarian  railroads  could  be  followed  to  ad- 
vantage. These  roads  have  adopted  the  use  of  the  screw  spike 
on  the  gage  side  of  the  rail  to  resist  overturning,  but  use  two 
square  spikes  on  the  outside  to  resist  lateral  movement.  This 
practice  has  been  found  to  give  very  beneficial  results.  The  figures 
in  the  last  two  columns  of  Table  XXVII  show  that  the  lateral  resist- 
ance of  two  ordinary  spikes  is  considerably  more  than  that  of  one 
screw  spike,  and  therefore  if  two  spikes  are  considered  as  resist- 
ing the  impact  instead  of  one,  the  results  will  be  in  favor  of  the 
ordinary  spikes.  Not  only  is  this  true,  but  the  first  cost  for  spikes 
would  be  reduced,   since  the  screw  spike  costs  about  four  cents  at 
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TABLE    XXVII 

Kelative  Lateral  Displacement  of  Ordinary  and  Screw  Spikes 


Kind 
of 
Tie 

Movement  of  Ordi- 
nary Spikes 

Average 

Movement 

of  Screw 

Spike, 

inches 

Average  Movement  of 
Ordinary  Spikes  in  Terms 
of  per  cent  of  Move- 
ment of  Screw  Spike 

9-16  in. 

5-8   in. 

9-16  in. 

5-8  in. 

Wliite  Oak 

0.136 

0.118 

0.078 

175 

152 

Black  Oak 

0.152 

0.122 

0.082 

186 

149 

Water  Oak 

0.142 

0.124 

0.086 

165 

145 

Bed  Oak 

0.148 

0.122 

0.108 

137 

115 

Ash 

0.156 

0.146 

0.108 

144 

135 

Elm 

0.138 

0.140 

0.140 

99 

100 

Beech 

0.168 

0.110 

0.102 

165 

108 

Poplar 

0.164 

0.128 

0.130 

126 

99 

Chestnut 

0.246 

0.186 

0.132 

186 

141 

Sweet  Gum 

0.192 

0.142 

0.148 

129 

96 

Loblolly 
Pine 

0.148 

0.128 

0.154 

96 

83 

the  present  time,  whereas  the  ordinary  spike  costs  much  less. 
The  maintenance  cost  of  either  form  of  spike  is  almost  negligible. 
An  item  of  interest  which  is  properly  beyond  the  limits  of 
this  article  is  that  of  the  ninety  screw  spikes  used  in  making  these 
tests  only  two  were  broken.  One  was  broken  under  a  tension  of 
14,000  pounds,  the  break  being  caused  by  an  incipient  crack  just 
under  the  head  of  the  spike.  The  other  spike  broke  under  the 
fourth  blow  of  the  hammer,  this  break  being  due  to  uncombined 
graphite  in  the  metal.  As  the  spikes  were  obtained  from  differ- 
ent sources,  and  were  of  different  manufacture,  it  is  thought  that 
the  test  was  sufficiently  severe  to  show  that  the  screw  spike,  as 
manufactured  at  present,  will  successfully  withstand  the  shocks 
of  passing  trains.  As  the  spikes  were  used  several  times  during 
the  tests,  the  percentage  of  spikes  broken  is  very  low. 
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Summary  of  Results 

(1)  The  maximura  resistance  to  direct  pull  varies  from  6,000 
to  14,000  pounds  for  screw  spikes,  from  3,000  to  8,000  pounds  for 
ordinary  spikes  when  driven  into  untreated  timbers,  and  from 
4,000  to  9,000  pounds  for  ordinary  spikes  when  driven  into  treat- 
ed timbers. 

(2)  The  direct  pull  required  to  withdraw  ordinary  spikes  1-8- 
inch  varies  from  2,000  to  3,500  pounds  for  untreated  timbers,  and 
from  2,500  to  3,500  pounds  for  treated  timbers. 

(3)  The  direct  pull  required  to  withdraw  ordinary  spikes  1-4- 
inch  varies  from  3,000  to  5,400  pounds  for  untreated  timbers  and 
from  3,800  to  5,900  pounds  for  treated  timbers. 

(4)  Timbers  having  loose  fiber  structures  have  lower  resis- 
tances to  direct  pull  than  timbers  having  compact  fiber  structures. 

(5)  The  amount  of  withdrawal  which  must  occur  for  ordinary 
spikes  to  develop  the  maximum  resistance  is  less  for  soft  woods 
than  for  hard  woods. 

(6)  Spikes  driven  into  treated  timber  offer  a  greater  resis- 
tance to  direct  pull  than  spikes  in  untreated  timbers,  and  the 
difference  between  this  resistance  for  treated  and  untreated  tim- 
bers is  greater  for  soft  woods  than  for  hard  woods. 

(7)  The  difference  in  the  resistance  to  direct  pull  for  the 
different  sized  spikes  in  use  (9-16  inch,  19-32  inch,  and  5-8-inch)  is 
very  small. 

(8)  The  resistance  of  ordinary  spikes  to  direct  pull  varies 
directly  as  the  depth  of  penetration,  neglecting  the  tapering 
point. 

(9)  Blunt- pointed  and  bevel- pointed  spikes  have  a  slightly 
greater  resistance  to  direct  pull  than  chisel- pointed  spikes. 

(10)  For  withdrawals  less  than  1-4  inch,  ordinary  spikes  which 
are  driven  into  bored  holes  have  a  little  greater  resistance  to 
direct  pull  than  spikes  driven  in  the  ordinary  way. 

(11)  The  resistance  to  direct  pull  for  re-driven  spikes  is  from 
60  to  80  per  cent  of  the  resistance  of  newly  driven  spikes. 

(12)  The  efficiency  of  screw  spikes  to  resist  withdrawal  is 
nearly  twice  as  great  as  that  of  common  spikes. 

(13)  The  resistance  of  5-8-inch  spikes  to  lateral  displacement 
is  slightly  greater  than  that  of  9-16-inch  spikes. 

^14)     The  resistance  to  lateral   displacement   increases  with 
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the  depth  of  penetration,  but  the  increase  is  negligible  for  depths 
of  penetration  greater  than  4  inches. 

(15)     Screw  spikes  are  more  efficient  than  ordinary  spikes  in 
resisting  lateral  displacement. 
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HIS  BULLETIN  is  the  seventh  of  a  series  of  bulletins  pub- 
lished by  the  Engineering  Experiment  Station  of  the  Uni- 
versity of  Illinois.  The  Engineering  Experiment  Sta- 
tion was  established  by  action  of  the  Board  of  Trustees 
December  8,  1903,  It  is  the  purpose  of  the  Station  to 
carry  on  investigations  along  various  lines  of  engineering,  and 
to  study  problems  of  importance  to  professional  engineers  and  to 
the  manufacturing,  railway,  mining,  constructional  and  industrial 
interests  of  the  state. 

The  control  of  the  Engineering  Experiment  Station  is  vested 
in  the  heads  of  the  several  departments  of  the  College  of  En- 
gineering. These  constitute  the  Station  Staff,  and  with  the  Di- 
rector, determine  the  character  of  the  investigations  to  be  under- 
taken. The  work  is  carried  on  under  the  supervision  of  the  Staff; 
sometimes  by  a  Fellow  as  graduate  work,  sometimes  by  a  mem- 
ber of  the  instructional  force  of  the  College  of  Engineering,  but 
more  frequently  by  an  investigator  belonging  to  the  Station  Corps. 

The  results  of  these  investigations  will  be  published  in  the 
form  of  bulletins,  and  will  record  mostly  the  experiments  of  the 
Station's  own  staff  of  investigators.  There  will  also  be  issued 
from  time  to  time  in  the  form  of  circulars,  compilations  giving 
the  results  of  the  experiments  of  engineers,  industrial  works, 
technical  institutions  and  governmental  testing  departments. 

The  volume  and  number  at  the  top  of  the  title  page  of  the 
cover  refer  to  the  general  publications  of  the  University  of  Illinois; 
at  the  bottom  is  given  the  number  of  the  Engineering  Experiment 
Station  bulletins  or  circulars. 

For  copies  of  bulletins,  circulars  or  other  information,  address 
the  Engineering  Experiment  Station,  Urbana,  Illinois. 
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FUEL  TESTS  WITH  ILLINOIS  COALS 

BY 

L.  P.  Breckenridgb,    .     .      Professor  OF  Mechanical  Engineering 

S.  W.  Parr, Professor  of  Applied  Chemistry 

H.  B.  Dirks, Assistant  in  Mechanical  Technology 

During  the  last  ten  years  a  considerable  number  of  boiler 
trials  have  been  made  at  the  University  of  Illinois.  Many  of  these 
have  been  made  under  the  boilers  in  the  power  plant  of  the  Uni- 
versity. Still  other  trials  have  been  made  with  boilers  in  use  at 
the  plants  in  neighboring  cities.  In  some  instances  experts  rep- 
resenting several  special  stoker  and  furnace  companies  have  been 
present  at  these  trials  and  operated  the  devices  in  which  they 
were  interested.  For  the  most  part,  however,  the  tests  have  been 
made  in  order  to  instruct  students  in  the  usual  methods  of  boiler 
testing,  and  the  boilers  themselves  have  been  operated  under  such 
usual  conditions  as  happened  to  obtain.  In  some  of  the  earlier 
tests  all  of  the  data  relating  to  the  heating  value  of  the  coals  were 
not  obtained,  and  for  such  tests  several  items  depending  on  these 
values  are  necessarily  omitted.  While  in  most  cases  these  tests 
have  not  been  made  with  the  object  of  making  a  comparison  of 
coals  or  of  appliances,  nevertheless,  it  has  seemed  wise  to  publish 
the  results  obtained  and  also  to  exhibit  these  results  side  by  side 
as  they  apply  to  various  forms  of  furnaces,  types  of  boilers  or 
kinds  of  coal.  It  is  entirely  probable  that  the  results  obtained  are 
equal  to  those  generally  obtained  under  the  varying  conditions  of 
plants  using  Illinois  coals.     Many  more  boiler  trials  have  been 
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made  than  are  here  reported,  but  only  such  are  included  in  this 
report  as  appear  to  be  free  from  any  indications  of  errors  in 
methods  or  results.  For  the  purpose  of  this  bulletin  all  of  the 
results  of  the  tests  have  been  carefully  rechecked. 

The  work  of  the  department  of  Applied  Chemistry  has  not 
only  supplemented  the  work  relating  to  boiler  trials  by  furnish- 
ing the  composition  and  heating  value  of  the  coals  used  in  these 
trials,  but  it  has  also  examined  and  tested  a  large  number  of  Illi- 
Qois  coals  not  yet  tested  under  boilers.  In  connection  with  this 
subject  this  department  has  perfected  several  new  devices  very 
useful  to  chemists  and  engineers,  designed  for  making  the  ordin- 
ary determinations  of  the  heating  values  and  composition  of  coals. 
The  Parr  calorimeter,  one  of  these  devices,  has  found  ready  sale 
among  the  operators  of  many  of  the  power  plants  of  the  country 
as  well  as  among  the  consulting  chemists  and  fuel  experts.  It  is 
expected  that  a  separate  bulletin  will  soon  be  published  setting 
forth  in  detail  many  of  the  new  methods  which  have  been  devel- 
oped by  this  department,  and  giving  the  complete  results  of  its 
investigations  relating  to  Illinois  coals.  It  is  hoped  that  the 
tables  of  the  chemical  composition  and  heating  values  of  Illinois 
coals,  which  form  a  part  of  this  bulletin,  will  furnish  engineers 
and  manufacturers  with  useful  information  in  this  important  field. 

With  the  above  somewhat  general  statement  in  explanation 
of  the  character  of  this  bulletin,  it  may  now  be  advisable  to  refer 
more  in  detail  to  the  special  features  which  are  intended  to  be 
brought  out  in  the  following  pages. 

Boiler  Testing 

For  many  years  engineers  have  been  making  "boiler  tests" 
with  the  object  of  finding  out  how  many  pounds  of  water  in  the 
boiler  could  be  evaporated  with  one  pound  of  coal.  In  order  that 
the  i-esults  of  the  tests  might  be  comparable,  it  became  evident 
that  some  common  method  of  making  tests  should  be  agreed  upon 
and  also  that  the  tests  made  should  be  reported  in  a  uniform 
manner.  A  committee  of  the  American  Society  of  Mechanical 
Engineers  recommended  to  that  Society  in  1899  a  method  of  test- 
ing boilers  and  also  a  method  of  reporting  such  tests.  These 
methods  have  been  largely  used  since  their  recommendation  at 
that  time.  The  many  expert  engineers  who  are  to-day  so  familiar 
with  these  methods  will  probably  not  be  interested  in  the  pages 
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immediately  following.  Having  in  mind  the  owners  and  operators 
of  power  plants  as  well  as  manufacturers  and  young  technical 
students,  it  has  seemed  worth  while  to  present  somewhat  in  detail 
the  following  subjects: 

(1)  Observations  to  be  made  during  a  boiler  trial. 

(2)  Appliances  used  during  a  boiler  trial. 

(3)  Form  of  report,  methods  of  operation  and  explanation  of 
computations. 

I    Observations  to  be  Made  During  a  Boiler  Trial 

In  the  report  of  the  committee  of  the  American  Society  of 
Mechanical  Engineers,^  1899,  on  the  revision  of  the  standard  code 
for  conducting  steam  boiler  trials,  two  forms  of  report  are  submit- 
ted, a  Complete  Form  and  a  Short  Form.  These  are  both  shown  in 
Section  III,  page  21.  The  observations  necessary  to  complete 
either  of  these  forms  are  given  in  Table  I.  An  explanation  of 
some  of  the  methods  used  in  obtaining  these  observations  and 
the  forms  used  in  recording  them  follow. 

Coal,  Water  and  Ash 

The  two  fundamental  points  to  be  determined  in  every  test  of 
a  steam  boiler  or  furnace,  regardless  of  the  special  or  specific 
purpose  of  such  test,  are  the  pounds  of  water  evaporated  by  the 
boiler  and  the  pounds  of  fuel  necessary  to  produce  such  evapora- 
tion. To  determine  these  two  points  it  is  necessary  to  know  the 
number  of  pounds  of  water  fed  into  the  boiler  and  the  pounds  of 
fuel  fed  into  the  furnace.  The  possibility  of  an  error  in  either  throws 
doubt  upon  all  the  indications  of  the  test.  Each  item,  therefore, 
should  be  ascertained  in  a  manner  that  proves  its  own  correctness, 
and  the  records  must  be  such  that  if  errors  are  made,  they  will  be 
clearly  exposed. 

Goal. — The  weight  of  the  coal  is  best  obtained  by  means  of  a 
barrow  or  car  with  a  capacity  of  500  pounds.  The  car  should  be 
loaded  uniformly  each  time  and  weighed  on  platform  scales  in 
front  of  the  furnace.  The  total  weight  and  the  time  of  weighing 
should  be  recorded  in  the  log.  From  the  car  the  coal  should  be 
fired  directly  into  the  furnace    and  the  weight  of  the  separate 


1  See  Trans.  A.  S.  M.  E,  Vol.  XXI,  p.  34. 
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TABLE  I 
Observations  to  be  Made  During  a  Boiler  Trial 


Short  Trial 

Standard  Trial 

Observations 

1 

1 

Weight  of  water  fed  to  boiler 

2 

2 

Weight  of  coal  as  lired                 (sample) 

3 

3 

Weight  of  ash  and  refuse             (sample) 

4 

4 

Moisture  in  coal 

5 

5 

Steam  pressure  by  gage 

6 

6 

Force  of  draft:  between  damper  and  boiler 

7 

7 

in  furnace 

8 

in  ash-pit 

8 

9 

Temperature:  of  feed  water  entering  boiler 

9 

10 

of  escaping  gases  from  boiler 

11 

of  external  air 

12 

of  tire-room 

13 

of  steam 

11 

of  feed  water  entering  heater 

15 

of  feed  water  entering  economizer 

16 

of  escaping  gases  from  economizer 

17 

of  gases  in  furnace 

10 

18 

Moisture  in  steam  by  calorimeter 

19 

Analysis  of  flue  gases 

20 

Smoke  observations 

21 

Average  thickness  of  fire,  intervals  of  firing 

charges  and  time  of  firing  entered  in  the  log.  After  the  entire 
car-load  of  coal  has  been  fired,  the  weight  of  the  empty  car  and 
the  time  should  be  recorded.  The  sum  of  the  separate  charges 
must  then  be  equal  to  the  difference  in  weight  of  the  car  when 
loaded  and  empty.  A  convenient  form  for  recording  the  coal  fired 
is  shown  in  Form  I.  From  each  car-load  of  coal  fired  an  average 
sample  of  coal  should  be  taken  for  moisture  determination  and 
chemical  analysis.  The  sample  of  course  must  be  taken  before 
the  coal  is  weighed  and  should  be  about  two  per  cent  of  every  car- 
load, or  about  ten  pounds.  At  the  end  of  the  test  these  samples 
from  the  different  cars  are  mixed,  pounded  into  small  sizes,  and 
then  quartered  until  enough  is  left  to  fill  a  two-quart  jar.  The  jar 
should  then  be  sealed,  to  prevent  loss  of  moisture,  and  sent  to 
the  chemist. 

Feed  Water. — The  water  fed  to  the  boiler  should  be  both  weighed 
and  measured,  as  dependence  upon  measuring  alone  will  introduce 
errors  due  to  uneven  filling  and  variations  in  temperature;  for  the 
latter,  however,  coi-rections  may  be  made.  The  measuring  tank 
or  preferably  two  tanks  should  be  set  on  scales  in  such  a  position 
that  the  water  can  be  delivered  dh^ectly  into  the  suction  or  set- 
tling tank  as  shown  in  Fig.  1.  The  measuring  tanks  should  be 
filled  and  emptied  alternately,  the  time  of  each  weighing  to  be 
noted  when  the  tank  is  empty,  the  tanks  being  designated  as  No. 
1  and  No.  2.     In  no  case  should  a  simple  tally  be  recorded  for 
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Fig.  1    Arrangement  of  Tanks  and  Scale  for  Measuring 
Feed- WATER  Fed  to  Boiler 

each  tankf  ul,  as  the  Uability  of  error  is  thereby  increased.  When 
the  boiler  tested  is  of  small  capacity,  one  weighing  tank  will  be 
sufficient.  A  convenient  form  for  recording  the  feed  water  meas- 
urements is  shown  in  Form  II. 

To  guard  against  the  loss  of  all  data,  due  to  accidents,  it  is 
best  to  have  coincident  records  of  the  water  and  coal  fed  to  boiler. 
For  this  reason  it  is  well  to  have  a  float  in  the  suction  or  settling 
tank,  and  each  time  an  entire  car-load  of  coal  has  been  fired,  the 
time  on  the  feed  water  log  should  be  recorded,  also  the  height  of 
water  in  the  boiler  and  in  the  settling  tank.  This  will  also  pro- 
vide a  check  on  the  uniformity  of  operations. 

^s/i.— The  ashes  and  refuse  should  be  weighed  dry.     The  time 
of  each  raking  of  the  fire  and  cleaning  of  the  ash-pit  and  the  weight 
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FORM  I 

LOG   OF   BOILER  TRIAL   NO 


Made  at . . 

Date 

Boiler  No 


By 

Fireman. 


COAL  SHEET 


COAL 

COAL 

COAL 

DELIVERED 

ON  SCALES 

FIRED 

TIME 

TO 

AFTER 

BACH 

FUEL 

SCALES 

EACH   FIRING 

TIME 

POUNDS 

POUNDS 

POUNDS 

Moist  coal  consumed,  pounds 

Moisture  in  coal,  per  cent 

Dry  coal  consumed,  pounds 

Wood  consumed,  pounds 

Coal  equivalent  of  wood  (==wood  x-4)  ft 

J  Total  dry  coal  consumed  Including 
1         wood  eauivalent,  pounds 

Total  dry  refuse,  pounds 

1 

Total  dry  refuse,  per  cent 

Total  combustible 

DESCRIPTION  OF  FUEL 

Commercial  Name 

1      ..    , 

Commercial  size 

Lumps,  per  cent 

Small  coal,  per  cent 

Slack,  per  cent 

Appearance  of  coal 

J  Record  the  times  when  fires  are 
1         cleaned 

, 

1 
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FORM  II 
LOG  OF  BOILER  TRIAL  NO. 


Made  at . . 

Date 

Boiler  No 


•  •: By 

Fireman , 

FEED  WATER  SHEET 


TIME 


WATER 

TEMP. 

DELIVBEBD 

OF 

TO 

WATER 

FEED  TANK 

IN 

POUNDS 

Tank 

TIME 


WATER 

TEMP. 

DELIVERED 

OF 

TO 

WATER 

FEUD  TANK 

IN 

POUNDS 

TANK 

REMARKS 


Test  began  at 

o'clock              M. 

Date 

Test  closed  at 

o'clock              M. 

Date, 

S                    ILLINOIS    ENGITSTEEEING    EXPEEIMENT    STATION- 
FORM  III 
LOG   OF  BOILER   TRIAL   NO -  .     ... 

Made  at 

Date By   

Boiler  No Fireman 


TIME 


PRESSURES 

TEMPERATURES 

HEIGHT 

OB"  WATER 

IN 

GLASS 

GAGE 

00  ^ 

hO 

H 

GO 

REMARKS 


Test  began  at 

o'clock    M. 

Date, 

Test  closed  at 

o'clock    M. 
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FORM  IV 
LOG   OF  BOILER   TRIAL   NO 


Made  at 

Date By .  ,  .  . .  . 

Boiler  No Fireman . 


TIME 


CALORIMETER 


A 


H  ^ 

0  Dj 

SSog 

<!!  "^  J  ? 

s 

a  W  <  Eh 

BOO  a 

tc  cc  ^  g 

OO 

<i  o| 


DRAFT 


H  H  Q  H 
fqP      *" 


fd  B  ^ 


^  P5  tc 
H  w  ai  ^^ 
WHoJH 

M  t>  O  "^ 


REMARKS 
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FORM  V 

LOG   OF   BOILER   TRIAL   NO 


Made  at . . 

Date 

Boiler  No , 


By 

Fireman . 


FLUE-GAS  SHEET 


TIME 


HYDROGEN 

AND 
HTDROCAR- 

BON8 


REMARKS 
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of  ash  removed  should  be  recorded  in  the  same  log  as  the  weight 
of  coal,  Form  I.  A  representative  sample  of  ash  should  be  taken 
at  every  cleaning  and  saved  in  order  to  determine  the  principal 
characteristics  of  the  ash,  a  proximate  analysis  giving  the  actual 
amount  of  incombustible  material  being  made  of  each  sample. 

General  Observations 

Although  the  main  points  to  be  determined  in  a  boiler  trial 
are  the  weight  of  water  evaporated  and  the  amount  of  fuel  burned, 
the  general  observations  of  pressures,  temperatures,  etc.,  under 
which  this  evaporation  takes  place  and  which  tend  to  secure  the 
accuracy  of  these  two  measurements  must  not  be  overlooked.  It 
is  necessary  that  all  available  data  be  obtained  and  recorded  in  the 
log  for  use  in  making  comparisons.  The  value  of  the  observation 
will  depend  primarily  upon  its  correctness  and  the  greatest  care 
should  be  exercised  in  obtaining  and  recording  observations.  Too 
often  the  observer  is  guided  by  personal  opinion  and  former 
readings,  and  the  value  of  the  observation  as  an  indication  of  some 
specific  occurrence  is  entirely  lost. 

All  general  observations  should,  as  nearly  as  possible,  be 
taken  at  the  same  instant,  the  exact  time  in  all  cases  being  recorded 
in  the  log.  As  a  rule  all  observations  should  be  recorded  in  dupli- 
cate, this  being  necessary  especially  where  several  persons  are 
concerned  with  the  results.  Duplicates  are  easily  obtained  by 
placing  carbon  copying  paper  below  the  original  log.  The  dup- 
licates are  then  obtained  as  the  results  are  originally  recorded. 
Forms  for  recording  the  general  observations  are  shown  in 
Forms  III  to  V. 

For  convenience  it  is  best  to  have  the  log  sheets  tacked  to  a 
board,  which  may  be  suspended  on  the  wall  at  some  convenient 
point.  This  avoids  the  accumulation  of  dust  and  dirt  when  the 
sheets  are  lying  around  unattached  in  a  horizontal  position. 

Sufficient  time  should  elapse  between  temperature  measure- 
ments if  only  one  thermometer  serves  for  taking  several  observa- 
tions, in  order  to  allow  the  thermometer  to  assume  the  new  tem- 
perature. Where  the  range  of  temperature  is  large,  however,  this 
should  never  be  practised,  and  it  will  be  preferable  in  most  cases 
to  take  only  the  most  important  of  the  readings,  being  certain  of 
its  correctness. 
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Determinations  of  the  moisture  in  the  steam  are  necessary  to 
make  corrections  in  the  amount  of  water  evaporated,  and  should 
be  made  at  regular  intervals  and  entered  in  the  log. 

The  analysis  of  the  flue  gases  is  important  as  it  indicates  to 
some  extent  the  progress  of  combustion  in  the  furnace.  Notwith- 
standing, the  general  use  of  this  analysis  is  still  very  limited,  al- 
though in  some  instances  a  record  of  the  CO2  in  the  flue  gases  is 
regularly  kept.  The  value  of  the  analysis  consists  in  its  being 
an  indication  of  the  amount  of  excess  air  being  used.  The  flue 
gas  to  be  analyzed  should  be  an  average  sample  taken  con- 
tinuously over  a  considerable  period  of  time.  This  is  necessary 
as  the  composition  of  the  gases  varies  from  minute  to  minute. 
Under  ordinary  conditions  an  analysis  every  half-hour  is  sufficient; 
special  readings,  however,  may  be  taken  more  often.  The  ap- 
paratus for  sampling  will  be  explained  in  the  following  section. 

II    Appliances  Used    During  A  Boiler  Trial 

Since  the  corrections  to  be  applied  to  the  weights  of  fuel  and 
water  fed  to  the  boiler  are  dependent  on  the  general  observations, 
the  appliances  necessary  for  their  determination  must  be  consid- 
ered. The  correctness  of  the  observations  will  depend  primarily 
on  the  instruments  used  and  their  location.  In  the  following  para- 
graphs these  are  discussed  to  some  extent. 

Description  op  Appliances 

A  list  of  the  apparatus  necessary  to  take  the  observations 
given  in  Section  I  is  shown  in  Table  II.     The  apparatus  required 

TABLE  II 
Appliances  for  Observations  Given  in  Table  I 


Sliort  Trial 
1 

Standard  Trial 
1 

Appliances 
Measuring  and  suction  tanks  for  measuring  water 

2 

2 

Platform  scales  lor  weighing  water 

3 

3 

Car  or  barrow  lor  handling  coal 

4 

4 

Platform  scales  for  weighing  coal 

5 

5 

Standard  calibrated  steam  gage 

6 

6 

Draft  gages,  U  tubes  or  otherwise 

7 

7 

Thermometers  according  to  observations  made 

8 

8 

Flue  gas  thermometer 

9 

Pyrometer  for  furnace  temperatures 

9 

10 

Throttling  or  separating  calorimeter 

M 

Orsat  apparatus  for  flue  gas  analysis 

12 

Smoke  charts 

BBBCKENHIDGB,  ~| 
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in  the  determination  of  the  weights  of  coal  and  water  was  discussed 
in  the  previous  section  and  needs  no  explanation  other  than  that 
the  scales  used  should  be  calibrated  so  that  a  correction  may  be  ap- 
plied if  necessary.  The  suction  tank  should  also  be  calibrated  so 
that  the  contents  of  the  tank  are  known  for  all  positions  of  the  float. 
For  measurement  of  the  steam  pressure  an  ordinary  steam 
gage  calibrated  by  comparison  with  a  standard  gage  or  other 
means  will  suffice.  A  good  recording  steam  gage  carefully  ad- 
justed and  compared  at  frequent  intervals  with  the  steam  gage 
provides  a  good  check.  Various  forms  of  draft  gages  are  used  to 
determine  the  draft  pressure.  The  ordinary  U  tube  is  the  most 
common  form  and  gives  very  satisfactory  results.  A  gage  of  the 
type  shown  in  Fig.  2  has  been  extensively  used  at  the  University 
and  gives  results  which  can  be  read  with  greater  accuracy  than 
the  U  tube. 


Fig.  2     Draft  Gage 

In  the  choice  of  thermometers  care  should  be  taken  that  the 
range  of  readings  will  fall  within  that  of  the  thermometer.  Where 
thermometers  are  likely  to  be  handled  constantly,  a  metal  casing 
is  desirable.  Where  temperatures  within  a  pipe  are  required,  as 
in  steam  or  water  pipes,  thermometer  cups,  as  shown  in  Fig.  3 
will  need  to  be  used. 

Either  mercury  or  a  heavy  cylinder  oil  may  be  used  in  these 
cups;  the  former,  however,  is  preferable  both  for  cleanliness  and 
accuracy.  For  the  measurement  of  flue  gas  temperatures  a  spe- 
cial mercury  thermometer  is  used,  reading  up  to  1000°  F. ,  with 
nitrogen  compressed  above  the  mercury. 

The  thermometer  should  be  calibrated  froni  time  to  time  to  in- 
sure its  correctness.  The  location  of  the  thermometer  will  be  dis- 
cussed in  the  following  section. 
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Thermometer 


Fig.  3 


Mercury 
bath 


Thermometer  Cup,  Used  to  Obtain  Temperatures 
Within  a  Pipe 


The  measurement  of  furnace  temperatures  is  very  difficult, 
and  no  especial  form  of  pyrometer  has  proved  to  be  entirely  satis- 
factory. The  Wanner  optical  pyrometer  is  being  used  at  the  Gov- 
ernment Coal-Testing  Plant  at  St.  Louis,  and  seems  to  be  giving 
fair  results. 


i-/n.  holes   afr/l/ecf 
he//ca//y    a/ong  p'pe 


^'>^'^■^'-^'^^^^^°^^'^^^^'^^^^^^'-'^^v^^^^■w^^^'^°^'-'~^'■^'~'-'■'-^^'■'-v^'■^^^w.'^^^'.^^w 


5team  p/pe 


Fig.  4      Sampling  ISTozzle  for  Steam  Calorimeter 

For  determining  the  moisture  in  the  steam,  as  long  as  the 
moisture  remains  below  three  per  cent,  any  one  of  several  forms 
of  calorimeters  may  be  used  with  good  results.  Above  this  point, 
all  calorimeters  are  inaccurate,  owing  to  the  inability  to  obtain  an 
average  sample  of  the  steam.  The  sampling  nozzle,  I^'ig.  4,  should 
be  made  of  i-in.  pipe,  and  should  extend    across  the  diameter  of 
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the  steam  pipe  to  within  half  an  inch  of  the  opposite  side,  being 
closed  at  the  end,  and  perforated  with  not  less  than  twenty  i-in. 
holes  equally  distributed  along  and  around  its  cylindrical  surface, 
but  none  of  these  holes  should  be  nearer  than  i  inch  to  the  inner 
side  of  the  steam  pipe.  The  calorimeter  and  pipe  leading  to  it 
should  be  well  covered  with  felt.  When  a  separating  calorimeter 
with  attached  gage  for  determining  the  amount  of  steam  passing 
through  the  calorimeter  is  used,  such  gage  should  be  calibrated  by 
taking  readings  over  twenty  minutes  in  length,  and  condensing 
the  steam  passing  through  the  calorimeter  during  that  time,  the 
weight  of  condensed  steam  being  compared  with  the  indication  on 
the  gage.  This  should  be  repeated  for  the  entire  range  of  the  gage. 
Superheating  should  be  determined  by  means  of  a  thermometer 
placed  in  a  mercury  well,  inserted  in  the  steam  pipe. 


^-//7.  gas  p/pes . 
One  for  ey^ry 
23si^./n.  c7ross- 
secf/on  of  f/(ye 


6a/i/cfn/ze<^  iron  receiver 


^-//z  p/pe 


ooooooooooooooooooooo   I 


~M/x/ng  Ipox 


J-//7  pipe 


Fig.  5     Flue  Gas  Sampler,  Advised  in  the  A.  S.  M.  E.  Standard  Code 
FOR  Conducting  Steam  Boiler  Trials 

For  determining  the  composition  of  the  flue  gases  a  sampling 
tube  for  drawing  the  sample  of  gas  from  the  flue  is  necessary,  also 
apparatus  for  analyzing  the  gas.  There  has  been  a  great  diver- 
sity of  opinion  regarding  the  method  to  be  used  in  obtaining  the 
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Fig.  6      Orsat  Apparatus  for  Analyzing  Flue  Gas 

sample,  due  probably  to  the  varying  conditions  in  different  boiler 
settings  and  at  different  points  in  the  same  flue.  In  the  trials 
carried  on  by  the  United  States  Geological  Survey  at  St.  Louis, 
both  the  sampler  advised  in  the  A.  S.  M.  E.  code,  Fig.  5,  and  an 
ordinary  pipe  closed  at  the  end  and  perforated  with  holes  equally 
spaced  along  its  entire  length  have  been  used.  The  results  indi- 
cate the  advisability  of  using  the  latter,  and  it  has  been  adopted 
for  use  in  all  future  trials.  To  get  a  uniform  flow  through  all  the 
perforations,  they  are  made  of  such  size  and  number  that  the  sum 
of  the  areas  of  the  perforations  is  less  than  the  cross  sec- 
tional area  of  the  sampling  tube.  The  Orsat  apparatus  is  the  one 
mostly  used  for  analyzing  the  flue  gases,  as  it  is  simple  in  opera- 
tion, and  with  a  little  care  gives  reliable  results.     To  insure  the 
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No.  1. 


*" 

"n 

No.  2. 

No.  3. 


No.  4. 


Fig.  7    The  Ringelman  Scale  for  Grading  the  Density 
OF  Smoke 
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total  absorption  of  the  various  gases,  care  must  be  taken  that  the 
absorbing  solutions  are  in  good  condition,  and  they  should  there- 
fore be  renewed  from  time  to  time.  If  the  flue  gas  is  to  be  col- 
lected over  water,  a  saturated  salt  solution  should  be  used,  as 
water  has  a  tendency  to  retain  some  of  the  CO2  when  a  consider- 
able quantity  is  present,  and  to  give  it  up  later  when  there  is  a 
smaller  quantity  of  this  gas,  thus  causing  errors  in  the  results. 
Pig.  6  shows  the  type  of  Orsat  apparatus  generally  used. 

If  determinations  of  the  relative  density  of  the  smoke  are  to 
be  made  during  the  trial,  the  Ringelman  smoke  charts  shown  in 
Fig.  7  may  conveniently  be  used.  These  are  placed  in  a  horizon- 
tal row  about  fifty  feet  from  the  observer,  and  as  nearly  as  con- 
venient in  line  with  the  chimney.  At  this  distance  the  lines  become 
invisible  and  the  cards  appear  as  different  shades  of  gray.  The 
observer  by  glancing  from  the  chimney  to  the  cards  determines 
which  card  most  nearly  corresponds  to  the  color  of  the  smoke  and 
makes  a  record  accordingly. 

Location  of  Appliances 

Of  prime  importance  in  taking  observations  is  the  location  of 
the  apparatus  used.  On  account  of  the  variation  in  different  types 
of  boiler  settings  it  will  always  be  necessary  to  describe  clearly 
in  the  report  of  the  test  the  location  of  all  apparatus.  This  is  best 
done  by  indicating  on  drawings  or  diagrams  their  position  on  the 
setting. 

Feed  Water  Teraperature. — As  the  methods  used  in  supplying 
feed  water  to  a  boiler  vary,  so  does  also  the  location  of  the  ther- 
mometer for  the  temperature  measurement  of  such  feed  water.  If 
an  injector  be  used,  it  should  receive  steam  directly  through  a 
covered  pipe  from  the  boiler  being  tested,  and  the  temperature  of 
the  feed  water  should  in  this  case  be  taken  from  the  supply  tank 
furnishing  the  water  to  the  injector.  It  is  here  assumed  that  the 
heat  of  the  steam  operating  the  injector  is  returned  to  the  boiler 
from  which  it  was  taken,  so  that  the  supply  pipe  between  the  boiler 
and  injector,  if  long,  should  be  covered  to  prevent  radiation.  If  a 
pump  be  used  for  feeding  the  boiler,  the  temperature  of  the  feed 
water  should  be  taken  by  a  thermometer  in  the  discharge  pipe  as 
near  the  boiler  as  possible.  If  this  is  done,  the  water  may  or  may 
not  be  pumped  through  a  feed  water  heater  after  leaving  the  pump. 
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It  is  always  essential  that  the  heat  carried  into  the  boiler  by  the 
feed  water  should  be  known,  and  it  is  well  to  record  its  temperature 
before  and  after  it  passes  through  any  kind  of  heater  or  economiz- 
er in  order  that  the  effect  of  such  device  may  be  given  proper  credit. 
The  location  of  thermometers  for  the  determination  of  boiler 
room  and  external  air  temperatures  should  be  such  that  drafts  or 
heat  rays  will  be  avoided.  The  flue  gas  temperature  should  be 
taken  at  a  point  where  the  gases  leave  the  boiler  and  pass  into  the 
breeching  on  their  way  to  the  stack.  As  the  temperature  in  a 
transverse  section  of  the  flue  will  vary,  several  readings  should 
be  taken  at  different  points  of  the  same  section.  Observations  of 
the  draft  are  usually  made  at  several  points  of  the  setting.  The 
one  between  the  damper  and  the  boiler  is,  how^ever,  the  more  im- 
portant, and  should  be  taken  at  a  point  close  to  the  flue  gas  ther- 
mometer or  possibly  in  the  same  transverse  section.  The  force 
of  draft  in  furnace  and  ash-pit  may  be  taken  through  the  firing 
and  ash-pit  doors,  but  is  preferably  taken  through  holes  left  in 
the  side  walls.  The  calorimeter  and  the  thermometer  cup  for  de- 
termining superheat  should  be  attached  to  the  vertical  steam  pipe 
as  it  leaves  the  boiler.  The  sampling  tube  for  the  flue  gas  was 
explained  in  the  last  section.  It  should  be  inserted  in  the  flue  at 
the  point  where  the  flue  gas  temperature  and  draft  are  obtained. 

Ill    Report  of  the  Trial 

Forms. — The  data  and  results  of  a  boiler  trial  should  be  re- 
ported in  the  manner  given  in  Form  VI,  which  is  the  complete 
form  advised  by  the  Boiler  Test  Committee  of  the  American  Soci- 
ety of  Mechanical  Engineers,  Code  of  1899.  The  items  printed 
in  italics  correspond  to  the  items  in  the  "Short  Form"  of  report 
recommended  for  commercial  tests.  For  more  elaborate  trials  the 
code  recommends  that  the  full  log  of  the  trial  be  shown  graph- 
ically by  means  of  a  chart.  Fig.   8. 
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FORM    VT 
Data  and  Results  of  Evaporative  Tests 


Arranged  in  accordance  with  the  Complete  Form  advised  by  the  Boiler  Test  Committee  of  the 
American  Society  of  Mechanical  Engineers.    Code  of  1899. 


of boiler  at 

Principal  conditions  governing  the  trial 


Made  by . . 
determine . 


Kind  of  fuel* 

Kind  of  furnace 

State  of  the  weather 

Method  of  starting  and  stopping  the  test  ("standard"  or  "alternate") 

\.     Date  0  f  trial 

2.    Duration  of  trial 


Dimensions  and   Proportions 

(A  complete  description  of  the  boiler  and  drawings  of  the  same  if  of  unusual  type,  should  be 
given  on  an  annexed  sheet ) 

3.  0-rate  surface width length area sq.  f t. 

4.  Height  of  furnace in. 

5.  Approximate  width  of  air  spaces  in  grate in. 

6.  Proportion  of  air  space  to  whole  grate  surface per  cent 

7.  Wate /'-heating  surface sq.  f t- 

8.  Superheating  surface .  , sq.  f  t. 

9.  Ratio  of  water-heating  surface  to  grate  surface — to  1 

10.  Ratio  of  minimum  draft  area  to  grate  surface 1  to — 

Average  Pressures 

11.  Steam  pressure  by  gage '. lbs-  per  sq.  in. 

12.  Force  of  draft  between  damper  and  boiler in.  of      water 

13.  Force  of  draft  in  furnace in.  of      water 

14.  Force  of  draft  or  blast  in  ash  pit in.  of     water 


Average  Temperatures 


15.  Of  external  air 

16.  Of  flreroom 

J  7.    Of  steam 

18-    Of  feed  water  entering  heater 

19.  Of  feed  water  entering  economizer. . 

20.  Of  feed  water  entering  boiler 

21 .  Of  escaping  gases  from  boiler 

22.  Of  escaping  gases  from  economizer. 


deg 
deg 
deg 
deg 
deg 
deg 
deg 
deg 


Fuel 


23. 

24. 
25. 

26. 
27. 
28. 
29. 
30. 
31. 


32. 
33. 
34- 
35. 


Size  and  condition 

Weight  of  wood  used  in  lighting  fire. . . 

Weight  of  coal  as  fired 

Percentage  of  moisture  in  coal 

Total  iveight  of  dry  coal  consumed 

Total  ash  and  refuse 

Quality  of  ash  and  refuse 

Total  combustible  consumed 

Percentage  of  ash  and  refuse  in  dry  coal. 


Proximate  Analysis  of  Coal 


lbs. 

lbs. 

per  cent 

lbs. 

lbs. 

ibs. 

per  cent 


Fixed  carbon. . . . 
Volatile  matter. 

Moisture 

Ash 


36.    Sulphur,  separately  determined. 


Of  Coal, 
per  cent 
per  cent 
per  cent 
per  cent 

per  cent 
per  cent 


Of  Combustible, 
per  cent 
per  cent 


100  per  cent 
per  cent 


*The  items  printed  in  italics  correspond  to  the  items  in  the  "Short  Form  of  Code." 
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Ultimate  Analysis  of  Dry  Coal 


37. 
38. 
39. 
40. 
41. 
42. 


Carbon  (C) . . . . 
Hydrogen  (H) , 
Oxygen  (O) . . . 
Nitrogen  (N) . 
Sulphur  (S)... 
Ash 


Of  Coal, 
per  cent 
per  cent 
per  cent 
per  cent 
per  cent 
per  cent 


Moisture  in  sample  of  coal  as  received 

Analysis  of  Ash  and  Refuse 


100 


per  cent 
per  cent 


Of  Combustlhle. 
per  cent 
per  cent 
per  cent 
per  cent 
per  cent 


100   per  cent 
per  cent 


Carbon 

Earthy  matter. 


Fuel  x>er  Hour 


per   cent 
per   cent 


54. 
55. 

56. 


Dry  coal  consumed  per  hour 

Combustible  consumed  per  hour  

Dry  coal  per  square  foot  of  grate  surface  per  hour 

Combustible  per  square  foot  of  water-heating  surface  per  hour. 

Calorific  Value  of  Fuel 

Calorific  value  by  oxygen  calorimeter,  per  lb.  of  dry  coal 

Calorific  value  by  oxygen  calorimeter,  per  lb.  of  combustible 

Calorific  value  by  analysis,  per  lb.  of  dry  coal 

Calorific  value  by  analysis,  per  lb.  of  combustible 


Quality  of  Steam 

Percentage  of  moisture  in  steam 

Number  of  degrees  of  superheating 

Quality  of  steam  (dry  steam  —unity).  (For  exact  determination  of  the  factor 
.  of  correction  for  quality  of  steam  see  section  on  computation  of  results.) . . 

Water 

Total  weight  of  water  fed  to  boiler 

Equivalent  water  fed  to  boiler  from  and  at  212  degrees 

Water  actually  evaporated,  corrected  for  quality  of  steam, 

Factor  of  evaporation 

Equivalent  water  evaporated  into  dry  steam  from  and  at  212  degrees. 
59  X  Item  60.)  


(Item 


Water  per  Hour 

Water  evaporated  per  hour,  corrected  for  quality  of  steam 

Equivalent  evaporation  per  hour  from  and  at  212  degrees 

Equivalent  evaporation  per  hour  from  and  at  812  degrees  per  square  foot  of 
water-heating  surface 

Horse-Power 

Horse-power  developed.     (34%  lbs  of  ivater  evaporated  per  hour  into  dry  steam 

from  and  at  212  degrees,  equals  one  horse-power.) 

Builders'  rated  horse-power 

Percentage  of  builders''  rated  horse-poiver  developed 

Economic   Results 

Water  apparently  evaporated  under  actual  conditions  per  pound  of  coal  as  fired. 

(Item  hl^Item  25.) 

Equivalent  evaporation  from  and  at  212  degrees  per  pound  of  coal  as  .fired. 

(Item  &\-^Item  25.) 

Equivalent    evaporation    from'  and    at   212  degrees  per  pound  of  dry  coal. 

(Item  6l-i-Item  27.) 

Equivalent  evaporation  from  and  at  212  degrees  per  pound  of  combustible. 

(Item 6\-hIte7n  .30.) 

(If  the  equivalent  evaporation.  Items  69,  70  and  71.  is  not  corrected  for  the 

quality  of  steam,  the  fact  should  be  stated.) 

Efficiency 

Efficiency  of  the  boiler;  heat  absorbed  by  the  boiler  per  pound  of  combustible 
divided  by  the  heat  value  of  one  pound  of  combustible 

Efficiency  of  boiler,  including  the  grate;  heat  absorbed  by  the  boiler,  per  pound 
of  dry  coal,  divided  by  the  heat  value  of  one  pound  of  dry  coal 


lbs. 
lbs. 
lbs. 
lbs. 


B.  T.  TJ 

B.  T.  U 

B.  T.  U 

B,  T.  U 


per  cent 
deg. 


lbs. 
lbs. 
lbs. 
lbs. 

lbs. 


lbs. 
lbs. 


lbs. 


H.  P. 
H.  P. 

per  cent 


lbs. 
lbs. 
lbs. 
lbs. 


per  cent 
per  cent 
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Cost  of  Evaporation 


74.  Cost  of  coal  per  ton Ihs.  delivered  in  boiler  room 

75.  Cost  of  fuel  for  evaporating  1 ,000  lbs  of  water  under  observed  conditions . 

76.  Cost  of  fuel  used  for  evaporating  1 ,000  lbs.  of  water  from  and  at  312  degrees. 


Smoke  Observations 


77.  Percentage  of  smoke  as  observed 

78.  Weight  of  soot  per  hour  obtained  from  smoke  meter. 

79.  Volume  of  soot  per  hour  obtained  from  smokemeter. 


per  cent 
ounces 
cu.  in. 


Methods  of  Firing 


83. 


Kind  of  firing  (spreading,  alternate,  or  coking) 

Average  thickness  of  lire 

Average  intervals  between  firings  for  each  furnace  during  time  when  fire  s 

are  in  normal  condition 

Average  interval  between  times  of  levelling  or  breaking  up 


Analyses  of  the  Dry  Gases 


Carbon  dioxide  (COs) 

Oxygen  (O) 

Carbon  monoxide  (CO) 

Hydrogen  and  hydrocarbons. 
Nitrogen  (by  difference)  (N) . 


per  cent 


100  per  cent 


Heat  Balance,  or  Distribution  or  the  Heating  Value  op  the  Combustible 
Total  Heat  Value  of  l  lb.  of  Combustible B.  T.  U. 


Per  Cent 


Heat  absorbed  by  the  boiler  =  evaporation  from  and  at  212  degrees 

per  pound  of  combustible  X  96.5  7. 
Loss  due  to  moisture  in  coal  =  per  cent  of  moisture  referred  to    com- 
bustible^-lOO  X  [  (212^-  0+966+0.  48  {T  —  212)  ]  ((5  =  temperature 
of  air  in  the  boiler  room,  T  =  that  of  the  flue  gases) 
Loss  due  to  moisture  formed  by  the  burning  of  hydrogen  ^=  per  cent 
of  hydrogen  to  combustiblen-iOO  X  9  X  [  (213— i) +966+0.  48(  T— 212)  J 
4.*  Loss  due  to  heat  carried  away  in  dry  chimney  gases  =  weight  of  gas 
per  pound  of  combustible  X  0  .24  X  ( T—t) . 

CO 
5.t  Loss  due  to  incomplete  combustion  of  carbon 


2. 


3. 


X 


per  cent  C  in  combustible 


COo    +    CO 


100 


X  10,150. 


Loss  due  to  unconsumed  hydrogen  and  hydrocarbons,  to  heating  the 
moisture  in  the  air,  to  radiation,  and  unaccounted  for.  (Some  of 
these  losses  may  be  separately  itemized  if  data  are  obtained  from 
which  they  may  be  calculated.) 

Totals 


*The  weight  of  gasper  pound  of  carbon  burned  may  be  calculated  from  the  gas  analyses  as 
follows: 

IICO2    +80  +7  CO-+  (N) 

Dry  gas  per  pound  carbon  = ,  in  which  CO2,  CO,  O,  and  N  are  the 

3  (CO2  +  CO) 
percentages  by  volume  of  the  several  gases.  As  the  sampling  and  analyses  of  the  gases  in  the 
present  state  of  the  art  are  liable  to  considerable  errors,  the  result  of  this  calculation  is  usually 
only  au  approximate  one.  The  heat  balance  itself  is  also  only  approximate  for  this  reason  as 
well  as  for  the  fact  that  it  is  not  possible  to  determine  accurately  the  percentage  of  unburned 
hydrogen  or  hydrocarbons  in  the  flue  gases. 

The  weight  of  dry  gas  per  pound  of  combustible  is  found  by  multiplying  the  dry  gas  per  pound 
of  carbon  by  the  percentage  of  carbon  in  the  combustible,  and  dividing  by  100. 

+CO0  and  CO  ai-e  respectively  the  percentage  by  volume  of  carbonic  acid  and  carbonic  oxide 
in  the  flue  gases.  The  quantity  10. 150  =  Number  of  heat  units  generated  by  burning  to  carbonic 
acid  one  pound  of  carbon  contained  in  carbonic  oxide. 
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Starting  and  Stopping  the  Test 

Standard  Method. — Steam  being  raised  to  the  working  pres- 
sure, remove  rapidly  all  fire  from  the  grate,  close  the  damper, 
clean  the  ash  pit,  and  as  quickly  as  possible  start  a  new  fire  with 
weighed  wood  and  coal,  noting  the  time  and  the  water  level  while 
the  water  is  in  a  quiescent  state,  just  before  lighting  the  fire.  At 
the  end  of  the  test,  remove  the  whole  fire,  which  has  been  burned 
low,  clean  fctie  grates  and  ash-pit,  and  note  the  water  level  when 
the  water  level  is  in  a  quiescent  state,  and  record  the  time  of 
hauling  the  fire.  The  water  level  should  be  as  nearly  as  possible 
the  same  as  at  the  beginning  of  the  test.  If  it  is  not  the  same  a 
correction  should  be  made  by  computation,  and  not  by  operating 
the  pump  after  the  test  is  complete. 

Alternate  Method. — The  boiler  being  thoroughly  heated  by  a 
preliminary  ran,  the  fires  are  to  be  burned  low  and  well  cleaned. 
Note  the  amount  of  coal  left  on  the  grate  as  nearly  as  it  can  be 
estimated;  note  the  pressure  of  steam  and  the  water  level.  Note 
the  time  and  record  it  as  the  starting  time.  Fresh  coal,  which 
has  been  weighed,  should  now  be  fired.  The  ash-pits  should  be 
thoroughly  cleaned  at  once  after  starting.  Before  the  end  of  the 
test  the  fires  should  be  burned  low,  just  as  before  the  start,  and 
the  fires  cleaned  in  such  a  manner  as  to  leave  a  bed  of  coal  on  the 
grates  of  the  same  depth  and  in  the  same  condition  as  at  the  start. 
When  this  stage  is  reached,  note  the  time  and  record  it  as  the 
stopping  time.  The  water  level  and  steam  pressure  should  pre- 
viously be  brought  as  nearly  as  possible  to  the  same  point  as  at 
the  start.  If  the  water  level  is  not  the  same  as  at  the  start, 
a  correction  should  be  made  by  computation,  and  not  by  operat- 
ing the  pump  after  the  test  is  completed. 

The  two  methods  given  above  for  starting  and  stopping  the 
test  are  taken  from  the  A.  S.  M.  E.  Code  for  conducting  steam 
boiler  trials.  When  the  alternate  method  is  used,  several  precau- 
tions regarding  the  observations  are  necessary.  The  time  of 
starting  and  stopping  should  be  noted  when  the  smallest  amount 
of  fuel  is  on  the  grate,  and  when  it  is  in  the  most  burned-out  con- 
dition, i.  e,,  just  before  firing  fresh  coal  after  cleaning,  and  when 
the  water  level  is  in  its  most  quiet  condition  and  the  least  raised 
by  ebullition.  This  condition  of  fire  and  of  water  level  can  be 
duplicated  immediately  after  cleaning  the  fire,  but  there  is  no  cer- 
tainty of  duplication  of  any  condition  when  there  is  a  bright  fire 
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and  consequent  rapid  steaming.  If  the  water  level  is  noted  at 
the  starting  of  the  test  when  it  is  raised  by  a  bright  fire,  and  at 
the  end  of  a  test  when  it  is  depressed  by  the  stoppage  of  violent 
ebullition  or  of  rapid  circulation  due  to  the  cooling  of  the  fire,  the 
boiler  will  be  credited  with  more  water  than  was  really  evapo- 
rated. As  such  a  fall  in  water  level  is  easily  produced  by  open- 
ing fire  doors  and  checking  draft,  it  should  be  guarded  against 
especially  when  using  bituminous  or  flaming  coals.  The  greatest 
care  should  also  be  taken  that  the  bed  of  coal  at  the  end  does  not 
contain  more  waste  material,  which  belongs  to  the  ash,  than  it 
did  at  the  beginning. 

Computation  of  Results 

On  account  of  the  variations  in  the  types  of  boilers  and  fur- 
naces, no  specific  directions  can  be  given  for  the  measurement  of 
grate  surface,  height  of  furnace  and  other  furnace  proportions. 
The  heating  surface  should  be  computed  from  the  surface  of 
shells,  tubes  and  fire-boxes  in  contact  with  fire  or  hot  gases.  The 
outside  diameter  of  water  tubes  and  the  inside  diameter  of  fire 
tubes  should  be  used  in  this  computation.  All  surfaces  below  the 
mean  water  level  which  have  water  on  one  side  and  products  of 
combustion  on  the  other  are  to  be  considered  as  water- heating 
surface,  and  all  surfaces  above  the  mean  water  level  which  have 
steam  on  one  side  and  products  of  combustion  on  the  other  are  to 
be  considered  as  superheating  surface. 

The  following  directions  show  how  some  of  the  results  to  be 
derived  from  a  boiler  trial  may  be  obtained.  The  calculation  of 
other  items  is  self-evident. 

Item  26,  the  moisture  in  the  coal,  should  be  obtained  by  the 
chemist  by  drying  the  sample  collected  during  the  test,  for  one 
hour  in  a  sand  or  air  bath  at  a  temperature  between  240°  and 
280°  P.  Sometimes  the  moisture  is  obtained  by  drying  a  known 
quantity  of  the  coal  above  the  boiler;  however,  if  this  method  is 
used,  it  should  be  so  stated  in  the  report.  The  first  method  is 
always  to  be  preferred.  (See  Section  VI,  page  48). 
Item  27==Item  25  X  (100— Item  26) 
Item  30=Item  27  X  (100— Item  42)— (Item  28  X  Item  44) 

As  this  is  dependent  upon  the  ultimate  analysis  of  the  coal, 
which  is  not  always  available,  the  following  may  be  used: 
Item  30=Item  27-Item  28 
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The  latter,  however,  is  in  error,  due  to  the  unaccounted-for 
ash  passing  over  the  bridge  wall. 

Item  51=Item  50-^(100— Item  42) 

or     ==Item  50-^[Item  27- (Item  28  X  Item  45)] 
in  which  the  former  depends  again  upon  the  ultimate  analysis  of 
the  coal. 

Items  52  and  53=14,600  C+62,000(H— ^)+4,000  S," 

o 

in  which  C,  H,  O  and  S  refer  to  the  proportions  of  carbon,  hydro- 
gen, oxygen  and  sulphur  respectively,  as  determined  by  the  ulti- 
'mate  analysis. 

H-1146.6-0.48  (T-212) 


Item  54=100X 
or       =100  X 


L 

lbs.  of  moisture  separated 


lbs.  of  steam+lbs.  of  moisture  separated 

in  which  H=total  heat  and  L=latent  heat  per  pound  of  steam  at 
the  pressure  in  the  steam  pipe,  and  T=temperature  of  the  throt- 
tled and  superheated  steam  in  the  calorimeter.  The  first  formula 
applies  to  throttling  and  the  second  to  separating  calorimeters. 

Item  55  should  be  taken  as  the  difference  between  the  read- 
ing of  the  thermometer  for  superheated  steam  and  the  readings 
of  the  same  thermometer  for  saturated  steam  at  the  same  pres- 
sure as  determined  by  a  special  experiment  and  not  by  reference 
to  the  steam  tables. 

Item  5(3=100— Item  54 

For  the  exact  determination  of  the  factor  of  correction  for 

quality  of  steam  we  have  the  following: 

T]— Ji 
For  wet  steam,  F=Q+P(:^5r — z—),  and 

11 — Ji 

0  48K 
For  superheated  steam,  F=l+-:jj — 7-,  in  which 

11 — Ji 

F  =  factor  of  correction 

Q  =  quality  of  steam 

P  =  per  cent  of  moisture  in  steam 

K  =  degrees  of  superheating  in  steam 

H  =  total  heat  of  the  steam  due  to  the  steam  pressure 

Ti=  total  heat  in  the  water  at  the  temperature  due  to  the 

steam  pressure 
Ji^  total  heat  in  the  feed  water  due  to  the  temperature 
Item  59  =  Item  57  X  Item  56 
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XT 1-. 

Item  60=^^^  -,  in  which  H  and  h  are  respectively  the  total 
9o5.  i 

heat  in  the  steam  of  the  average  observed  pressure  and  in  water 

of  the  average  observed  temperature  of  the  feed.    This  item  may 

usually  be  obtained  directly  from  steam  tables  giving  the  factors 

for  different  pressures  and  feed  water  temperatures. 

Item  61  =  Item  59  X  Item  60 

Item  62  =  Item  59-Mtem  2 

Item  63  =  Item  61-Mtem  2 

Item  64  =  Item  63  ^  Item  7 

Item  65  =  Item  63  ^34.5 
This  is  held  to  be  equivalent  to  30  pounds  of  water  evaporat- 
ed from  100°  F.  into  dry  steam  at  70  pounds  gage  pressure.    The 
former  equals  33,317  B.   T.  U.    per   hour    and  the  latter  33,305 
B.  T.  U.  per  hour. 

Item  66. — This  item  should  give  besides  the  rated  horse- 
power the  basis  (square  feet  of  heating  surface)  upon  which  this 
rating  is  made. 

Item  67  =  Item  65^  Item  66 
The  necessary  computations  for  economic    results    and  effi- 
ciency, items  68  to  73,  are  indicated  in  the  form  of  report. 

IV     Report  of  Boiler  Tests  with  Illinois  Coals 

The  following  tables  contain  a  summary  of  the  results  of 
boiler  tests  made  by  the  department  of  Mechanical  Engineering 
at  the  University  of  Illinois.  For  the  most  pai't  these  tests  have 
been  made,  as  stated  in  the  introduction,  for  purposes  of  instruc- 
tion in  the  method  of  boiler  testing,  although  a  considerable  num- 
ber were  made  for  investigational  purposes  or  as  thesis  work. 
As  a  rule,  they  have  been  conducted  under  the  direct  supervision 
of  a  member  of  the  instructional  staff  of  the  department,  but  at 
times  when  experiments  were  being  made  with  special  applian- 
ces, the  representative  of  the  company  interested  was  present  to 
take  charge  of  the  test. 

Coals  Tested 

The  coals  used  in  these  tests  were  mostly  those  purchased 
under  the  yearly  contracts  of  the  University.  In  a  few  cases, 
special  coals  were  purchased,   while  other  tests  were  made  on 
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coals  sent  to  the  University  by  various  coal  companies  and  manu- 
facturing concerns  to  determine  the  evaporative  efficiency  or 
their  behavior  on  various  kinds  of  stokers. 

35  coals  were  tested,  representing  14  counties  of  Illinois. 
These  are  given  in  the  list  below  together  with  the  commercial 
size  of  the  coal. 

County  Town  Commercial  Size 

1  Christian Pana Lump 

2  Christian Pana Slack 

3  Christian Pana Srceenings 

4  Coles Paradise Lump 

5  Gallatin Junction Pea 

6  Macon Niantic • Nut 

7  Macoupin Mt-  Olive Lump 

8  Madison Glen  Carbon Lump 

9  Marion Odin _ Lump 

10  Marion Odin Pea 

11  Marion Odin Slack 

12  McLean. Bloomington Lump 

13  McLean Collax Lump 

14  Menard Athens Lump 

15  Perry Du  Quoin Lump 

16  Perry Du  Quoin Pea 

17  Perry Du  Quoin Slack 

18  Sangamon Barclay Pea 

19  Sangamon Dawson Pea 

20  Sangamon Divernon - Lump 

21  Sangamon Lowder Slack 

22  Sangamon Ridgely Pea 

H'i    Sangamon Riverton Pea 

24  Sangamon Sringfleld - Pea 

25  Sangamon Lump 

26  Shelby Moweaqua ..Lump 

27  Vermilion Catlin Screenings 

2S  Vermilion Fairmount .Screenings 

29  Vermilion Muncie Slack 

30  Vermilion Oakwood Lump 

31  Vermilion Oakwood  Pea 

32  Vermilion Oakwood Screenings 

33  Williamson Carterville Washed  Pea 

34  Williamson Herrin New  Kentucky  Pea 

35  Williamson Herrin New  Kentucky  Screenings 

Boilers  Tested 

The  tests  were  made  at  the  power  plants  of  the  University 
and  the  neighboring  towns,  under  water- tube  and  fire-tube  boilers 
of  the  following  types: 

Stirling  water- tube  boiler 2  settings 

National  water-tube  boiler 2  settings 

Heine  water- tube  boiler 1  setting 

Babcock  &  Wilcox  water-tube  boiler 8  settings 

Horizontal  tubular  boiler 11  settings 

The  settings  of  these  boilers  include  the  following: 

1  Murphy  smokeless  furnace 

2  Roney  automatic  stokers 

2     Green  chain  grate  stokers 
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1     Babcock  &  Wilcox  chain  grate 
1     Brightman  stoker 

The  remainder  of  the  furnaces  were  hand-fired  with  plain  or 
rocking  grates. 

Results  of   Tests 

The  results  of  these  tests  are  shown  in  Tables  III  and  IV,  ar- 
ranged according  to  the  counties  in  which  the  coal  was  mined. 
Table  III  gives  the  conditions  of  temperature,  pressure,  heating 
surface  and  grate  area  under  which  the  tests  were  made,  and 
Table  IV  gives  a  few  of  the  most  important  results.  In  some 
cases  the  heat  value  of  the  coals  used  was  not  obtained  and  sev- 
eral of  the  columns  dependent  upon  it  are  left  vacant.  The  head- 
ings of  the  tables  are  self-explanatory.  Where  a  series  of  tests 
was  made  with  the  same  coals  under  like  conditions,  the  average 
of  the  series  is  reported  together  with  the  number  of  tests  in  the 
series.  Where  the  coal  and  steam  have  been  assumed  moisture 
free  and  when  the  moisture  in  the  coal  was  obtained  by  drying  a 
known  amount  above  the  boiler,  indications  have  been  made  in  the 
tables . 

In  the  computation  of  results,  the  usual  correction  for  qual- 
ity of  steam  by  proportional  weights  of  steam  and  water  was  used. 
The  combustible  was  computed  from  the  weights  of  coal  and  ash 
and  not  from  the  ultimate  analysis  of  the  coal,  and  it  is,  therefore, 
in  slight  error  to  the  extent  of  the  ash  which  passed  over  the 
bridge  wall.  The  basis  for  the  rating  of  the  boilers  varied  from 
10  to  15  square  feet  of  heating  surface  per  horse-power  according 
to  the  different  types  of  boilers  used.  The  B.  T.  U.  of  the  coal, 
given  in  the  table,  were  obtained  from  an  analysis  of  the  sample 
taken  during  the  test. 

Discussion  of  Results 

On  account  of  the  wide  variation  of  conditions  obtaining  in 
the  tests  reported,  an  exact  comparison  was  hardly  possible.  A 
general  comparison  of  results  with  different  types  of  boilers  and 
grates  has,  however,  been  attempted.  Such  a  comparison  is 
shown  in  Table  V,  which  contains  the  general  average  of  the  re- 
sults of  all  trials  made  with  the  same  type  of  boiler  and  grate, 
irrespective  of  all  other  conditions.     It  also  shows  the  average  of 
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the  results  of  the  ten  highest  tests  together  with  the  single  high- 
est result  obtained.  The  basis  of  comparison  is  the  equivalent 
pounds  of  water  evaporated  from  and  at  212°  F.  per  pound  of  dry 
coal.  The  same  table  also  contains  the  average  of  the  results  of 
six  tests  with  Illinois  coals  made  by  the  Boiler  Division  of  the 
Fuel  Testing  Plant  of  the  United  States  Geological  Survey  at  St. 
Louis.  It  is  interesting  to  note  that  in  these  latter  tests  in  which 
hand -firing  and  plain  grates  were  used,  the  results  obtained  are 
better  than  any  of  the  others  recorded,  including  the  results  of 
tests  in  which  mechanical  stokers  were  used.  This  fact  may  be 
taken  to  indicate  that  the  maximum  efficiency  of  Illinois  coals  is 
rarely  obtained  under  present  average  conditions.  It  is  probable 
that  with  a  closer  study  of  furnace  conditions,  even  these  results 
may  be  improved.  The  general  tests  reported  in  Tables  3  to  5  in- 
clude a  number  of  trials  made  with  special  objects  in  view.  Several 
of  these  trials  are  described  as  follows : 

1.  Tests  of  a  small  horizontal  tubular  boiler  of  40  horse- 
power, to  determine  its  performance  with  varying  rates  of  com- 
bustion.    The  results  of  these  tests  are  given  below. 

Results  op  a  Boiler  Trial  Showing  Effects  of  Rate 

OF  Combustion  on  the  Performance  of 

Horizontal  Tubular  Boiler 


Dry  coal  per  square  foot  of 

grate  surface  per  hour 

6.80 

9.30 

11.00 

12.00 

14.00 

Equivalent  evaporation 

from  and  at  212°  P-  per 

pound  of  dry  coal 

6.20 

6.55 

6.57 

6.37 

5.75 

Horse-power  in  per  cent  of 

rated  capacity  (40) 

52  50 

87.50 

107.50 

115.00 

122.50 

Temperature    of    escaping 

gases 

432.00 

447.00 

501.00 

516.00 

553.00 

The  same  kind  of  coal  was  used  in  all  these  tests,  and  conditions 
remained  nearly  constant.  It  is  evident  that  the  maximum  results 
were  obtained  with  the  boiler  running  at  its  rated  capacity,  with 
the  flue  gas  temperature  about  500°  F.  With  an  increase  in  the 
rate  of  combustion,  the  capacity  and  flue  gas  temperature  increased 
and  the  evaporation  dropped  off. 

2.  Tests  to  determine  the  effect  of  soot  deposits  on  the  evap- 
oration of  a  small  horizontal  tubular  boiler.  These  tests  were  made 
on  the  same  boiler  as  the  preceding  series  and  with  results  as 
follows : 
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Results  of  Boiler  Trials  Made  to  Determine  the 

Effect  of  Soot  Deposits  on  the  Evaporation 

OF  A  Horizontal  Tubular  Boiler 


First  Series 

(5  days) 

Soot  allowed 

to  remain  on 

tubes 

Second  Series 

(5  days) 
Tubes  cleaned 
each  morning 

Third  Series 

(5  days) 

Soot  allowed  to 

remain  on 

tubes 

Equivalent  evaporation  from  and   at 
212°  F.  per  pound  oi  dry  coal 

6.20 

7.04 

6.23 

Dry  coal  per  sq.  ft.  of  grate  surface 
per  hour 

13.40 

9.09 

13.40 

Horse  power  in  per  cent  of  rated 
'    capacity 

111.00 

99.00 

115.00 

Temperature  of  escaping  gases 

627.00 

546,00 

698.00 

It  is  evident  from  the  results  that  the  effect  of  the  soot  de- 
posit on  the  evaporation  is  not  very  marked.  It  is  interesting  to 
note  that  in  the  first  and  last  series,  in  which  the  soot  was  allowed  to 
remain  on  the  tubes,  the  soot  burned  upon  reaching  a  certain 
thickness,  leaving  but  a  very  thin  layer.  In  all  three  series  the 
conditions  were  held  as  nearly  constant  as  possible,  although  in 
the  second  series  the  load  fluctuated  somewhat  on  the  different 
days. 
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3.  Tests  of  a  water-tube  boiler  with  chain  grate  stoker  to 
determine  the  relative  economy  of  a  6- inch  and  an  8-inch  fuel  bed 
with  various  rates  of  combustion. 

The  results  of  these  tests  are  best  shown  by  the  curves  in 
Fig.  9. 


15  20  25  30  35  40 

Dry   Coal    per    Sp.  Pt.   of   Grate.  SuRPAct  per  Hr.-Lbs. 

Fig.  9      Curves   Showing    the   Relative   Economy   of  a  6-inch  and 
8-INCH  Fuel  Bed  in  a  Chain  Grate  Stoker 

They  show  that  under  the  conditions  of  the  test,  the  8-inch 
fire  was  the  more  efficient,  giving  an  equivalent  evaporation  per 
pound  of  dry  coal  10  per  cent  greater  than  the  6-inch  fire,  when 
operating  at  the  rated  capacity  of  the  boiler.  The  same  coal  was 
used  throughout  this  series.  The  averages  of  the  results  of  these 
tests  are  reported  in  Tables  III  and  IV,  viz.,  Nos.  41,  42,  43  and 
44.  In  Figs.  10,  11  and  12  are  shown  a  few  of  the  characteristic 
results  of  boiler  trials  made  on  water- tube  boilers  with  chain  grate 
stokers.  These  diagrams  are  plotted  from  the  results  of  38 
trials,  and  each  point  on  the  diagram  represents  the  average  of  5 
trials.  It  is  safe  to  assume,  therefore,  that  the  results  represent 
average  conditions. 
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Fig. 


10     Chart  Showing  Variation   in    Boiler  Performance  with 
Coals  of  Different  Heat  Value 


Fig.  10  shows  the  results  of  trials,  in  which  coals  of  highest, 
lowest  and  mean  heat  values  were  used,  plotted  on  a  basis  of  heat 
value.  The  sudden  drop  in  the  equivalent  evaporation  per  pound 
of  dry  coal,  with  coals  of  low  and  medium  heat  value  is  no  doubt 
due  to  the  large  increase  in  the  flue  gas  temperature  with  con- 
stant rate  of  combustion  and  capacity."  With  coals  of  medium  and 
high  heat  value  the  equivalent  evaporation  increases  with  increas- 
ing rate  of  combustion  and  capacity,  the  flue  gas  temperature 
remaining  constant.  It  is  evident  from  the  diagram  that  the  effect 
of  the  heat  value  of  the  coal  is  not  very  marked,  a  large  increase, 
however,  other  conditions  remaining  constant,  causing  an  increase 
in  the  evaporation  per  pound  of  coal,  as  will  be  seen  in  Fig.  12. 
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Chart  Showing  Variation  in  Boiler  Performance  with 
Varying  Rates  of  Combustion 


In  Fig.  11  the  results  of  a  boiler  trial  are  plotted  on  a  basis 
of  rate  of  combustion.  It  is  evident  from  the  diagram  that  the 
equivalent  evaporation  per  pound  of  dry  coal  increases  with  the 
rate  of  combustion  until  the  capacity  reaches  100  per  cent,  or  the 
rated  capacity,  the  heat  value  of  the  coal  remaining  approxi- 
mately constant,  the  flue  gas  temperature  at  this  point  being  500° 
F.  With  a  further  increase  in  the  rate  of  combustion  the  capacity 
and  flue  gas  temperature  still  increase  but  the  equivalent  evapo- 
ration per  pound  of  coal  decreases.  This  carve,  if  it  may  be  called 
such,  might  be  named  the  characteristic  curve  of  the  boiler,  and 
is  important  because  it  shows  the  rate  of  combustion  above  which 
the  evaporation  per  pound  of  coal  decreases. 
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Fig.  12    Chart  Showing  Variation  in  the  Performance 
OF  A  Boiler  Working  at  Different  Capacities 

The  effect  of  capacity  on  the  evaporation  is  shown  by  the 
diagram  in  Fig.  12.  It  is  seen  that  here  as  in  the  previous  fig- 
ure the  evaporation  per  pound  of  dry  coal  again  increases  with  an 
increase  in  the  capacity  due  to  an  increased  rate  of  combustion. 
However,  instead  of  attaining  a  maximum  at  100  per  cent  capacity, 
it  increases  with  a  further  increase  of  capacity  and  rate  of  com- 
bustion. At  first  sight  this  seems  contradictory  to  the  previous 
diagram,  Fig.  11;  however,  it  is  evident  that  this  increase  is  not 
due  to  this  further  increase  in  the  rate  of  combustion  and  capacity, 
but  is  due  to  the  sudden  increase  in  the  heat  value  of  the  coal 
(about  10  per  cent)  used. 

V  Arrangements  For  Future  Fuel  Tests 


In  publishing  this  bulletin  it  has  been  the  desire  to  record  the 
results  of  the  most  important  tests  of  boilers  fired  with  Illinois 


BRECKENRIDGE, 
PARB  AND  DIRKS 


]      FUEL  TESTS  WITH  ILLIlSrOIS  COALS  45 


coals,  that  have  been  made  up  to  date.  During  the  year  1906  the 
Engineering  Experiment  Station  at  the  University  purchased 
and  installed  a  plant  designed  especially  for  conducting  a  series 
of  fuel  tests  of  Illinois  coals.  The  plant  consists  of  a  210  H.  P. 
Heine  water-tube  boiler  together  with  a  Green  chain  grate  stoker 
and  a  Sturtevant  economizer  and  induced  draft  fan  and  engine. 
This  boiler  is  a  duplicate  of  the  boilers  used  by  the  United  States 
government  in  the  fuel  tests  in  progress  at  St.  Louis  under  the 
direction  of  the  United  States  Geological  Survey.  It  was  thought 
that  in  this  way  the  fuel  tests  here  at  the  University  would  be  in 
a  measure  comparable  with  the  tests  made  by  the  government  on 
coals  from  all  parts  of  the  United  States. 

The  rapid  growth  of  the  industrial  interests  of  Illinois  de- 
mands a  careful  study  of  the  great  fuel  supply,  and  no  effort 
should  be  spared  in  the  introduction  and  promulgation  of  improved 
methods  and  processes  in  the  production,  treatment  and  con- 
sumption of  its  coal.  In  the  tests  of  Illinois  coals  which  it  is  now 
proposed  to  make,  less  attention  will  be  paid  to  routine  boiler 
tests,  familiarly  known  as  such,  and  more  attention  will  be  given 
to  a  scientific  study  of  fuel  treatment  before  burning  and  to  a 
study  of  those  furnace  constructions  and  conditions  which  give 
promise  of  miaximum  results.  In  order  that  future  tests  may  be  con- 
ducted along  lines  which  will  meet  with  the  general  approval  of 
the  various  interests  of  the  state,  a  Conference  Committee  on 
Fuel  Tests  has  been  appointed  consisting  of  the  members  named 
below  and  representing  the  organizations  indicated: 

H.  Foster  Bain,    Director  State  Geological  Survey,  Urbana, 
111.,  representing  the  State  Geological  Survey; 

A.  Bement,     Consulting  Engineer,  Chicago,     the  Western 
Society  of  Engineers; 

Edwin  H.  Cheney,  President  Fuel  Engineering  Co. ,  Chicago, 
the  Building  Managers'  Association  of  Chicago; 

F.  H.  Clark,  Gen.   Supt.  Motive  Power  Burlington  Road, 
C.  B.  &  Q.  Ry. ,  Chicago,  the  Western  Railway  Club; 

Adolph  Mueller,  President  H.  Mueller  Mfg.  Co.,  Decatur, 
111.,  the  Illinois  Manufacturers'  Association; 

Carl  Scholz,  President  Coal  Valley  Mining  Co.,  Chicago, 
the  Illinois  Coal  Operators'  Association; 

A.  V.  Schroeder,  Decatur   Railway  and   Light  Company, 
Decatur,  111.,  the  State  Electric  Light  Association; 
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Wm.  L.  Abbot,  Chief  Operating  Engineer,  Chicago  Edison 
Co.,  Chicago,  the  Board  of  Trustees  University  of  Illinois; 
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L.  P.  Breckenridge,  Director  Engineering  Experiment 
Station,  University  of  Illinois,  Urbana,  111. 

Reference  has  been  made  to  the  government  fuel  tests  at 
St.  Louis.  It  should  be  stated  that  the  work  of  the  boiler  division 
of  these  tests  has  been  carried  on  under  the  direction  of  the 
Director  of  the  Illinois  Engineering  Experiment  Station,  who 
will  also  have  charge  of  the  tests  made  at  the  University  of  Illinois. 
Copies  of  Professional  Paper  No.  48,  containing  a  report  on  the 
operations  of  the  government  coal  testing  plant  at  St.  Louis  may 
be  obtained  upon  application  to  a  member  of  Congress  or  to  the 
Director  of  the  United  States  Geological  Survey,  Washington,  D.C. 

It  is  not  the  intention  of  this  bulletin  to  discuss  the  subject  of 
fuel  testing.  A  future  bulletin  will  take  up  that  subject  and  will 
also  describe  in  full  the  plant  provided  for  such  tests  at  this 
University.  Attention  is  called,  however,  to  the  facilities  now  of- 
fered for  this  important  work.  It  is  hoped  that  mine  owners  and 
manufacturers  will  find  it  advantageous  to  cooperate  with  the  En- 
gineering Experiment  Station  in  the  proposed  tests.  The  Station 
Staff  will  always  be  glad  to  receive  such  suggestions  concerning 
this  work  as  those  interested  may  desire  to  offer. 

VI    Chemical  Analysis  and  Heat  Values  of 
Illinois  Coals 

By  S.  W.  Parr,  Professor  of  Applied  Chemistry 

The  accompanying  results  of  chemical  analyses  of  Illinois  coals 
may  be  divided  into  three  classes :  first,  those  which  were  directly 
connected  with  the  boiler  tests  conducted  by  the  department  of 
Mechanical  Engineering,  and  which  are  listed  in  a  separate  table, 
covering  such  work  from  the  year  1894  to  1905;  second,  in  connec- 
tion with  thesis  work  by  Mr.  F.  C.  Koch  in  1901,  there  were 
assembled  by  him  the  results  of  all  analyses  of  Illinois  coals  which 
had  been  made  by  the  department  of  Chemistry  previous  to  that 
date.  These  results  were  published  together  with  his  own  work 
in  a  bulletin  through  the  courtesy  of  Secretary  Ross  of  the  Bureau 
of  Labor  Statistics  in  the  report  of  that  Bureau  in  1902.  They 
are  designated  in  the  tables  by  the  letters  B.  L.  S.  The  third 
series  of  results  comprises  the  work  on  one  hundred  fifty 
samples  of  Illinois  coal  collected  in  1904  and  published  in  a 
separate  bulletin  in  connection  with  the  exhibit  of  mines  and  min- 
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erals  at  the  St.  Louis  Exposition.  These  results  are  designated 
in  the  tables  by  S.  W.  P.  The  sum  total  of  data  which  has  thus 
resulted,  while  of  a  somewhat  desultory  nature,  constitutes  a  very 
considerable  contribution  to  our  knowledge  of  the  constituents  of 
Illinois  coals.  It  is  to  be  noted  that  the  processes  employed  in 
connection  with  this  series  were  confined  almost  exclusively  to  the 
method  of  proximate  analysis.  In  the  future  the  more  exacting 
demands  of  modern  methods  will  require  extended  data  such  as 
are  furnished  by  both  proximate  and  ultimate  analysis,  including 
of  course  the  determination  of  calorific  units.  It  may  be  well  there- 
fore, at  the  present  time,  to  assemble  the  information  obtainable 
up  to  the  present  date,  compiling  it  as  in  the  accompanying  tables, 
and  also  to  discuss  briefly  some'  of  the  terms  which  are  used  in 
connection  with  the  chemical  work  on  coals.  The  chemist  employs 
terms  and  processes  which  are  also  used  by  the  engineer,  but  it 
does  not  always  follow  that  their  use  of  terms  is  in  accord. 

Moisture. — Moisture  in  coal  is  constantly  undergoing  a  change 
as  to  quantity.  The  percentage  contained  at  the  time  of  break- 
ing out  the  coal  from  the  vein  is  greater  than  at  any  subsequent 
stage  of  its  history,  unless  possibly  it  be  under  the  conditions  of 
rain  or  snow  or  drenching  with  the  hose.  Some  of  this  moisture 
which  is  normally  contained  in  the  coal  is  lost  when  the  coal  is 
exposed  to  the  air,  being  in  this  respect  like  water  which  has  been 
poured  upon  the  coal.  But  there  remains  moisture  in  the  coal 
after  air- drying  and  which  is  removed  only  at  the  temperature  of 
boiling  water.  This  moisture  is  described  as  hygroscopic.  If  now 
the  chemist  works  upon  a  sample  which  is  overcharged  with  mois- 
ture, as  is  the  condition  when  the  sample  is  freshly  mined,  it  will 
be  constantly  losing  in  weight  and  modifying  his  results.  Simi- 
larly, if  he  works  upon  a  sample  which  has  been  completely  dried 
in  the  oven,  it  will  have  great  avidity  for  moisture  and  be  con- 
stantly gaining  in  weight  throughout  his  w^ork.  He,  therefore,  pro- 
ceeds in  his  determinations,  as  a  rule,  with  the  coal  in  that  condi- 
tion which  is  least  affected  by  external  conditions,  viz.,  in  the  air- 
dry  state  with  the  normal  amount  of  hygroscopic  moisture  pre- 
sent, but  without  the  excess  of  water,  which  might  be  termed 
water  of  saturation. 

Therefore,  we  have  three  distinctly  different  conditions:  first, 
the  wet  coal;  second,  the  air-dry  coal;  and  third,  the  oven-dry 
state.     The  engineer,  however,  not  having  to  do  with  the  condi- 
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tions  under  which  the  chemist  works,  recognizes  only  the  two 
phases,  either  the  wet  or  dry,  and  by  this  latter  term  he  means 
the  oven-dry  state.  The  failure  on  the  part  of  the  engineer  and  the 
chemist  to  recognize  these  terms  often  leads  to  misinterpretation 
of  results.  The  chemists,  therefore,  should  agree  to  such  use  of 
terms  relating  to  water  as  have  become  firmly  established  in  en- 
gineering literature:  viz.,  that  dry  coal  refers  to  moisture  free 
coal  or  to  the  oven- dry  state,  and  second,  that  wet  coal  refers  to 
the  condition  as  received  or  previous  to  any  process  of  air-drying, 
and  that  it  is  one  or  the  other  of  these  conditions  that  is  of  inter- 
est to  the  engineer,  regardless  of  how  important  it  may  be  to  the 
chemist  to  proceed  upon  the  basis  of  the  air-dry  condition. 

It  may  not  be  out  of  place  further  to  indicate  how  results  may 
be  transferred  from  one  basis  to  the  other.  It  is  not  an  uncom- 
mon practice  for  the  chemist  to  report  his  results  on  bhe  air- dry 
basis,  in  which  case  he  should  also  report  the  amount  of  moisture 
lost  upon  air  drying,  provided  his  sample  comes  to  him  sealed  in 
such  a  way  as  to  make  this  factor  possible.  Suppose,  for  exam- 
ple, that  the  loss  of  moisture  upon  air-drying  is  4  per  cent,  then 
all  his  results  reported  on  the  air-dry  basis  would  be  changed 
to  the  wet  coal  basis  by  multiplying  each  by  96  per  cent;  not  by 
dividing  by  104  yex  cent  as  is  often  erroneously  done.  This  will 
make  small  difference  in  a  constituent  which  has  a  low  percentage 
factor,  but  the  error  is  very  considerable  in  a  factor  like  the  fixed 
carbon  which  is  from  40  to  50  per  cent.  This  may  seem  like  a  sim- 
ple arithmetical  problem  to  mention  in  this  connection,  but  it  is 
one  not  always  correctly  interpreted. 

Conversely,  if  it  is  desired  to  change  factors  to  the  dry  coal 
basis,,  each  factor  should  be  divided  by  100  minus  the  percentage 
content  of  water  in  that  condition  from  which  the  transfer  is  be- 
ing made.  For  example,  if  we  are  calculating  this  coal  from  the 
air-dry  state,  supposing  it  to  have  6  per  cent  of  moisture  present, 
each  factor  should  be  divided  by  94  per  cent,  but  it  should  be  noted 
that  if  we  are  calculating  from  the  ivet-coal  condition  our  divi- 
sor will  not  be  100  per  cent  minus  the  sum  of  the  two  factors,  6  and 
4,  as  in  the  above  illustration,  but  100  minus  96  per  cent  of  6 
plus  4,  or  90.24.  Here  again  is  a  not  uncommon  place  for  stum- 
bling in  what  might  seem  to  be  a  simple  arithmetical  problem. 

Volatile  flatter. — When  coal  is  subjected  to  high  temperature 
out  of  contact  with  the  air,  a  considerable  amount  is  driven  off  as 
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volatile  matter.  This  includes,  also,  of  course,  any  moisture  in 
the  sample,  if  we  start  with  a  portion  which  has  not  been  dried  in 
the  oven.  Now  an  even  greater  discrepancy  in  the  use  of  terms 
has  come  into  use  in  connection  with  this  constituent  than  is  the 
case  with  different  forms  of  water.  One  of  the  oldest  terms  is 
that  of  volatile  carbon.  This  is  both  incorrect  and  meaningless 
because  carbon  is  not  volatile,  and  because  the  constituents  of  this 
material  are  numerous  and  complex.  The  term  that  is  perhaps  most 
frequently  met  designates  this  material  as  volatile  combustible. 
This  again  is  incorrect  and  misleading,  as  this  material  in  the  or- 
dinary bituminous  type  of  coal  has  from  one-third  to  one-half  of  its 
weight  made  up  of  non-combustible  material.  It  is  evident,  there- 
fore, that  the  only  proper  term  among  those  commonly  in  use  for 
this  constituent  is  that  of  volatile  matter.  The  only  restriction  in- 
deed in  connection  with  this  term  is  to  understand,  as  is  the  uni- 
form custom,  that  the  moisture  of  the  coal  is  not  included.  A  word 
may  be  in  place  here  in  connection  with  a  term  which  is  occasion- 
ally met,  and  is  likely  to  be  more  frequently  used  than  formerly. 
This  term  is  intended  to  designate  that  part  of  the  volatile  matter 
which  does  not  burn.  This  constituent  is  sometimes  referred  to 
as  "water  of  composition".  It  is  not  included  in  any  of  the  re- 
sults listed  in  the  following  tables,  and  hence  its  use  does  not  en- 
ter into  any  of  the  discussions  in  this  bulletin.  It  is  noted  in  this 
connection,  however,  in  order  that  it  may  not  be  confused  with 
any  of  those  terms  which  are  intended  to  designate  the  water  in 
its  ordinary  form  and  which  are  capable  of  being  driven  off  at 
the  temperature  of  boiling  water.  This  property  does  not  belong 
to  the  water  of  composition,  as  this  substance  like  the  other  part 
of  the  volatile  matter,  requires  a  red  heat  for  its  dissociation. 

Fixed  Carbon  and  Ash. — Concerning  these  constituents  there 
is  no  disagreement  as  to  the  use  of  terms  unless  it  be  the  occasion- 
al use  of  the  word  coke.  Coke  in  its  proper  and  technical  sense 
should  apply  to  the  residue  including  the  ash  after  subjecting  the 
coal  to  destructive  distillation.  It  is,  therefore,  not  proper  to 
designate  the  fixed  carbon  as  coke,  though  it  would  be  proper,  of 
course,  to  use  the  term  "coking  carbon"  in  this  connection.  The 
preferable  term  and  the  one  commonly  employed,  however,  for 
this  material  is  that  of  fixed  carbon. 

Methods  of  Analysis. — The  methods  of  analysis  employed  are 
those  in  common  use  and  their  description  is  so  easily  accessible 
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that  no  repetition  is  necessary  here.  Reference  may  be  made  to 
the  report  of  the  committee  of  the  American  Chemical  Society  on 
coal  analysis.^ 

Calorific  Value. — The  determination  of  heat  units  in  coals  is, 
of  course,  a  necessity  in  connection  with  any  well  conducted  boiler 
test.  Two  systems  of  units  are  employed,  viz.,  the  kilo  calories 
and  the  British  Thermal  Units,  designated  as  B.  T.  U.  Each  unit 
is  the  measure  of  heat  imparted  to  the  water  by  an  equal  weight 
of  coal.  They  would,  therefore,  be  identical  if  it  were  not  for  the 
fact  that  the  one  is  read  on  the  Centigrade  scale  and  the  other  on 
the  Fahrenheit  scale.  The  transfer,  therefore,  of  calories  per 
kilo  over  to  B.  T.  U.  per  pound  is  effected  by  multiplying  by  the 
ratio  of  9:5  or  1.8. 

There  are  four  types  of  instruments  in  use  for  measuring  the 
heat  value  of  coals.  The  first  and  most  elaborate  is  the  Mahler 
instrument  which  has  numerous  modifications  as  to  detail,  but 
which  embodies  the  use  of  a  steel  bomb  capable  of  maintaining 
oxygen  from  twenty  to  twenty-five  atmospheres  pressure.  The 
next  in  the  order  of  time  is  the  Fisher  calorimeter  which  burns 
the  sample  of  coal  in  a  small  chamber  supplied  with  oxygen  at  at- 
mospheric pressure.  The  third  type  may  be  designated  as  the  L. 
Thompson  calorimeter,  wherein  the  coal  is  mixed  with  a  chemical 
which  in  itself  supplies  the  oxygen  for  carrying  on  the  combus- 
tion and  in  which  the  gaseous  products  are  allowed  to  bubble  up 
through  the  water,  thus  imparting  their  heat  to  the  liquid.  The 
fourth  type  may  be  designated  as  the  Parr  calorimeter  which  also 
employs  a  chemical  having  its  own  supply  of  oxygen,  but  which 
absorbs  the  gaseous  products,  thus  retaining  all  the  heat  of  the 
reaction  for  more  accurate  measurements  by  the  thermometer.  Of 
the  second  and  third  types,  it  may  be  said  that  owing  either  to  in- 
completeness of  combustion  or  to  loss  of  heat  by  transmission  of 
the  gases,  results  are  obtained  which  are  not  of  sufficient  accuracy 
for  reliable  work.  Results  from  the  Thompson  calorimeter  are 
reported  by  certain  authorities  to  admit  of  variations  amounting 
to  15  per  cent.  The  Mahler  type  of  calorimeter  is  accurate  when 
operated  by  one  thoroughly  familiar  with  such  processes.  The 
Parr  calorimeter  is  the  one  used  in  connection  with  the  analyses 
in  these  tables  of  all  coals  made  since  1900,  and  is  now  the  instru- 
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ment  most  commonly  used  in  technical  work.     A  brief  description 
of  this  apparatus  follows: 

Fig.  13  shows  the  relative  position  of  parts.  The  can  A.  A. 
for  the  water  has  a  capacity  of  2  litres.  The  insulating  ves- 
sels B.B.  and  C.C.  are  of  indurated  fiber.  The  charge  of  coal  and 
chemical  is  put  in  the  cartridge  D.  Upon  ignition,  the  heat  gen- 
erated is  imparted  to  the  water  and  the  rise  in  temperature  is  in- 
dicated on  the  finely  graduated  thermometer  T.  The  cartridge 
or  bomb  rests  on  the  pivot  F  and  is  made  to  revolve,  and  by  aid 
of  the  small  turbine  wings  attached  effects  a  complete  circula- 
tion-of  the  water  and  equalization  of  temperature. 

The  reaction  accompanying  the  combustion  may  be  repre- 
sented by  the  equation: 

SGNaaOg  +   CasHigOg  =  25   NaaCOg  +   18  NaOH   +   22  NagO 
Sod.  perox. 


Coal 


Sod.  cart). 


Sod.  hydrate 


Sod.  oxide 


a 


Fig.  13 
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With  certain  substances  such  as  coke,  anthracites,  petrole- 
ums, etc.,  a  more  strongly  or  vigorously  oxidizing  medium  is 
needed  than  exists  in  the  peroxide  alone.  This  may  be  secured 
by  various  additions.  The  most  effective  are:  A  mixture  of  po- 
tassium chlorate  and  nitrate  in  the  proportion  of  1  to  4  and  this 
mixture  used  in  the  ratio  of  1  to  10  of  the  sodium  peroxide;  an- 
other effective  mixture  is  an  addition  of  potassium  persulphate  in 
the  ratio  of  1  to  10  of  the  sodium  peroxide.  Other  substances  fa- 
cilitate the  oxidation,  notably  ammonium  salts  and  certain  organic 
substances,  as  tartaric  or  oxalic  acid,  benzoic  acid,  etc.  In  the 
work  on  Illinois  coals,  while  ordinarily  no  extra  chemical  would 
be  necessary,  still  in  certain  cases,  such  as  extra  slaty  coals  and 
coals  with  excessive  volatile  matter,  and  also  to  guard  against 
variations  in  the  quality  of  the  sodium  peroxide,  a  mixture  as  first 
described  above,  of  chlorate  and  nitrate,  has  uniformly  been 
used  throughout  these  tests. 

Further  extension  of  the  use  of  the  instrument  to  other  types 
of  coal  and  to  petroleum  has  made  it  necessary  to  extend  still  fur- 
ther the  oxidizing  power  of  the  chemicals  employed  beyond  what 
is  afforded  by  the  chlorate  mixture.  In  addition  to  this  the  use 
of  the  residue  for  determining  the  total  carbon  and  sulphur  has 
made  it  highly  desirable  in  such  additional  chemicals  to  avoid  the 
use  of  compounds  containing  carbon  or  sulphur.  To  meet  these 
conditions,  the  so-called  "boro-mixture"  has  been  devised,  It 
consists  of: 

Boric  acid 11  parts 

Potassium  chlorate 4  parts 

Magnesium  powder 1  part 

Its  correction  factor  is  found  by  trial  with  a  pure  chemical  of 
known  heat  value,  such  as  napthalene  or  by  burning  with  a  coal 
whose  heat  value  is  already  accurately  known.  This  mixture  has 
the  further  advantage  of  carrying  on  a  combination  with  material 
so  low  in  carbonaceous  matter  as  to  be  non-burning  by  ordinary 
methods,  such  as  ashes  and  coals  of  very  high  ash  content. 

Still  further  modifications  relate  to  the  bomb  as  shown  in 
Fig.  14,  and  have  to  do  mainly  with  the  avoidance  of  screw 
threads  on  the  interior  of  the  combustion  chamber,  especially  in 
the  upper  part,  where  particles  tend  to  lodge  and  thus  escape 
combustion;  also  in  jacketing  the  lower  part  of  the  chamber  to 
avoid    direct  contact  with    the    water,   thereby    avoiding   rapid 
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cooling  of  the  parts  and  extending  somewhat  the  period  of  high 
temperature,  thus  securing  a  more  perfect  combustion. 


^A 


E 


Fig.    14 

Calorific  Values  By  Calculation. — Numerous  methods  for  calcu- 
lating the  calorific  value  of  coal  have  been  proposed,  but  no 
method  can  be  said  to  have  any  value  which  is  not  based  on  a 
knowledge  of  the  percentage  constituents  of  the  total  carbon, 
available  hydrogen  and  sulphur.  Even  under  these  conditions 
the  results  by  calculation  are  not  always  in  agreement  with  the  in- 
dicated results  by  means  of  the  calorimeter,  and  in  any  event,  of 
course,  results  from  proximate  analysis  do  not  furnish  the  neces- 
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sary  data  for  this  calculation.  When  this  method  is  used  the  Du- 
long  formula  is  considered  the  most  nearly  accurate  and  is  as 
follows : 

Cal.  =  8080  +  34,500  H  +  2250  S 

In  the  results  here  recorded  the  necessary  factors  were  not 
always  available  for  applying  this  formula,  but  it  is  the  one  used 
wherever  calorific  values  by  calculation  are  included. 
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TABLE  VIII 
List  of  Illinois  Coals  Analyzed.    Arranged  by  Towns 


Town 

County 

Ref .  Number 

in  Table  of 

Analyses 

Christian 

8-12 

Fulton 

Menard 

28-30 

185-188 

Sangamon 

252-255 

Sangamon 

256-258 

Franklin , 

27 

McLean 

110-116 

Grundy..                 .     ...               

50-51 

Will 

327-328 

Clinton  

20-21 

Briar  Bluft                         

Henry 

57 

Brighton 

Bush 

Macoupin 

124 
332 

Clinton 

22 

Cable      

Mercer 

196-197 

Fulton 

31-32 

Sangamon 

259  260 

Jackson 

62-65 

Cardiff 

95-96 

331-345 

Vermilion 

296-299 

Marion 

145-148 

Colchester 

Colfax                                    

McDonough 

McLean 

109 

117 

Collinsville      .           ...        

Madison 

138-139 

Fulton 

33-36 

300-310 

Sangamon 

261-264 

Macon 

118 

Delafleld 

Hamilton 

54 

De  Soto 

Jackson 

66-71 

Sangamon 

265 

Madison 

140-141 

Pulton 

38 

Perry 

210-223 

Madison .          

142-143 

Saline 

239-243 

Elm  Grove    .        

Ad  ams 

1-2 

Elmwood 

Peoria 

203-207 

76-77 

Fairbury 

Livingston 

Vermilion 

97-98 
311-313 

Farming-ton 

Fiatt 

Fulton 

Fulton      

39-42 
43 

Flatrock.         

Crawford     

26 

Forest- 

99-100 

French  Village 

Galva 

St.  Clair 

Saline 

Henry 

233-234 
244 
58 
193 

144 

Vermilion 

Menard 

Macoupin 

Saline 

314-316 

189-191 

Greenridge 

125-126 
24.5-251 

Herrin 

Williamson 

Peoria.     .     .                   

346-352 

Holies 

208-209 

Champaign. ,                .- 

7 

Joliet 

Will... 

329-331 

49 

La  Salle.          

79-80 

Henry 

59-61 

149-150 

Ladd 

Lake  Creek 

Bureau 

Williamson 

3-4 
353 
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TABLE  VIII    {Concluded) 


Town 


County 


Ref .  Numfeer 

in  Table  of 

Analyses 


La  Salle 

Lauder 

Lincoln 

Litchfield 

Lombardville 

Lowder 

McLeansboro 

Marissa 

Middletown 

Moweaqua 

Mt.  Carbon 

Mt.  Olive 

Mt.  Pulaski 

Muddy  Valley 

Murphysboro 

Niantic 

Norris 

Oakwood 

Odin 

Oglesby 

Palmyra 

Pana 

Paradise 

Peru 

Petersburg- 

Pinckneyville 

Ridgely 

Riverton 

St.  David 

St.  John 

Sandoval 

Sherrai'd 

Soperville 

Sparta 

Spaulding 

Spring-field 

Springfield  Junction 

Spring  Valley 

Streator.. 

Sugar  Creek 

Sunnyside 

Tilden 

Toluca 

Trenton 

Virden 

Wenona 

Westville 

S.  Westville 

S.  "Wilmington 


La  Salle 

Williamson. 

Logan 

Montgomery 

Bureau 

Sangamon. . . 
Hamilton. .. . 

St.  Clair 

Menard 

Shelby 

Jackson 

Macoupin. ... 

Logan 

Perry 

Jackson 

Macon 

Fulton 

Vermilion. .. 

Marion 

La  Salle 

Macoupin  — 
Christian.. .. 

Coles 

La  Salle 

Menard 

Perry 

Sangamon  . . 
Sangamon . . . 

Fulton 

Perry 

Marion 

Mercer 

Knox 

Randolph. . . . 
Sangamon. . . 
Sangamon. . . 
Sangamon. . . 

Bureau 

La  Salle 

Wabash 

Williamson.. 
Randolph. . . . 

Marshall 

Clinton 

Macoupin. . . . 

Marshall 

Vermilion. . . 
Vermilion. .. 
Grundy 


81-84 

354 

101-106 

201-202 

5 

266 

55 

235-238 

192-193 

289-295 

72 

127-132 

107-108 

224 

73-75 

119-123 

44-45 

317-322 

151-178 

85-88 

133-135 

13-19 

25 

89-90 

194-195 

225-226 

267-268 

269-274 

46-48 

227-228 

179-181 

199-200 

78 

229-230 

275 

276-283 

284 

6 

91-94  • 

326 

355 

231-232 

182 

23-24 

136-137 

183-184 

323 

324-325 

52-53 
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I  HIS  BULLETIN  is  the  eighth  of  a  series  of  bulletins  pub- 
lished by  the  Engineering  Experiment  Station  of  the  Uni- 
versity of  Illinois.  The  Engineering  Experiment  Sta- 
tion was  established  by  action  of  the  Board  of  Trustees 
December  8,  1903.  It  is  the  purpose  of  the  Station  to 
carry  on  investigations  along  various  lines  of  engineering,  and 
to  study  problems  of  importance  to  professional  engineers  and  to 
the  manufacturing,  railway,  mining,  constructional  and  industrial 
interests  of  the  state. 

The  control  of  the  Engineering  Experiment  Station  is  vested 
in  the  heads  of  the  several  departments  of  the  College  of  En- 
gineering. These  constitute  the  Station  Staff,  and  with  the  Di- 
rector, determine  the  character  of  the  investigations  to  be  under- 
taken. The  work  is  carried  on  under  the  supervision  of  the  Staff; 
sometimes  by  a  Fellow  as  graduate  work,  sometimes  by  a  mem- 
ber of  the  instructional  force  of  the  College  of  Engineering,  but 
more  frequently  by  an  investigator  belonging  to  the  Station  Corps. 

The  results  of  these  investigations  will  be  published  in  the 
form  of  bulletins,  and  will  record  mostly  the  experiments  of  the 
Station's  own  staff  of  investigators.  There  will  also  be  issued 
from  time  to  time  in  the  form  of  circulars,  compilations  giving 
the  results  of  the  experiments  of  engineers,  industrial  works, 
technical  institutions  and  governmental  testing  departments. 

The  volume  and  number  at  the  top  of  the  title  page  of  the 
cover  refer  to  the  general  publications  of  the  University  of  Illinois; 
at  the  bottom  is  given  the  number  of  the  Engineering  Experiment 
Station  bulletin  or  circular. 

For  copies  of  bulletins,  circulars  or  other  information,  address 
the  Engineering  Experiment  Station,  Urbana,  Illinois. 


university  of  illinois 
Engineering  Experiment  Station 

Bulletin  No.  8  "  September  1906 

TESTS  OF  CONCRETE:     I.   SHEAR;  II.  BOND. 

By  Arthur  N.  Talbot,  Professor  of  Municipal  and  Sanitary 

Engineering  and  in  Charge  of  Theoretical 

AND  Applied  Mechanics. 

I.  SHEAR. 

Reference  to  current  engineering  literature  and  discussions 
will  show  that  there  exists  in  the  minds  of  engineers  quite  di- 
verse notions  of  the  shearing  resistance  of  concrete.  Values  as 
low  as  the  tensile  strength  of  the  concrete  are  cited;  others  name  a 
shearing  resistance  nearly  as  great  as  the  compressive  strength 
of  the  concrete.  It  seems  evident  that  these  divergent  estimates 
must  be  dae  to  inconsistent  experimental  methods  or  to  improper 
conceptions  of  the  nature  of  shearing  action. 

Shear  is  defined  to  be  the  action  of  two  equal  and  oppositely 
directed  forces  whose  lines  of  action  are  in  planes  very  close  to- 
gether. Manifestly,  in  the  actual  application  of  forces  to  struct- 
ures or  even  to  test  pieces,  the  applied  forces  are  not  in  adjacent 
planes,  and  the  shearing  forces  used  in  the  analysis  and  calcula- 
tion are  forces  which  exist  by  virtue  of  the  mechanics  of  the 
problem.  The  shearing  stresses  in  concrete  test  pieces  are  dis- 
cussed on  the  basis  of  some  distribution  throughout  the  section, 
generally  a  uniform  or  nearly  uniform  distribution.  The  impor- 
tance of  determining  this  distribution  is  not  usually  recognized. 
Shear  should  be  differentiated  from  cutting  action,  in  that  the  lat- 
ter begins  at  the  surface  and  involves,  in  some  degree  at  least,  a 
gradual  tearing  or  detrusive    action  and  a  concentration  of  the 
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force  at  a  single  point.  Shear  should  also  be  distinguished  from 
the  phenomena  which  may  accompany  it,  as  bearing  action,  diagonal 
tension,  etc.  In  fact,  the  difficulties  surrounding  the  determination 
of  the  shearing  resistance  of  concrete  are  due  largely  to  the  accom- 
panying cutting  action,  bearing  pressures,  and  beam  stresses  in- 
volved in  the  test.  In  the  breaking  of  reinforced  concrete  beams, 
shearing  failures  have  been  confused  with  diagonal  tension  fail- 
ures (see  Bulletin  No.  4,  p.  25),  and  calculations  made  from  the 
results  of  such  beam  tests  are  evidently  a  source  of  low  values 
given  in  texts  and  in  the  building  ordinances  of  many  of  the  cities 
of  the  country. 

Fig.  1  illustrates  a  common  conception  of  shear.  The  shear- 
ing force  is  considered  to  act  along  the  line  AB,  and  the  shearing 
resistance  is  assumed  to  be  uniformly  distributed 
over  the  section  on  this  line.  Evidently  these 
assumptions  do  not  give  the  real  action.  Cut- 
ting action  begins  at  the  surface.  The  fibers  are 
pushed  inward  immediately  in  front  of  the  cut- 
ting edge.  As  this  impression  is  increased,  the 
bearing  pressure  is  extended  over  a  greater  sur- 
face of  the  tool,  though  not  uniformly  so  dis- 
tributed, and  the  resultants  of  the  applied  forces 
will  be  moved  away  from  the  line  AB.  This  sep- 
aration of  the  applied  forces  gives  a  couple,  with 
resulting  beam  action  and  horizontal  and  diag- 
onal tensile  and  compressive  forces.  It  is  evi- 
dent that  the  bearing  action  and  resulting  im- 
pression modify  conditions  and  also  that  the  shearing  stresses 
are  not  uniformly  distributed  over  the  section,  and  that  cut- 
ting action  may  injuriously  affect  results.  A  little  calculation 
will  show  that  the  bearing  pressure  for  a  thin  tool  would  exceed 
the  resistance  of  the  concrete.  Besides,  a  test  piece  could  not  be 
held  in  the  position  shown,  and  a  further  support  will  be  neces- 
sary. 

Fig.  2  shows  a  method  which  has  been  proposed  and  which 
is  open  to  similar  objections.  Fig.  3  shows  a  test  piece  arranged 
to  get  double  shear."  Evidently  the  bearing  bars,  which  are 
only  about  i  in.  wide,  will  produce  such  high  bearing  pressures 
as  to  cause  cutting  action  or  at  least  cutting  stresses.    Fig.  4  is  a 


Fig.  1.     Common 

Conception  of 

Shear. 
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beam  form  of  test  piece.  Here  the  test  is  complicated  by  flexural 
stresses  and  by  deflection  or  opposition  to  flexure.  The  attempts 
at  clamping  the  ends  of  the  test  piece  to  approximate  to  a  re- 
strained beam,  such  as  are  hereinafter  described,  are  also  open 
to  objection.  Punching  tests  do  not  give  ideal  conditions,  as  will 
be  seen  in  the  tests  of  plain  plates. 

It  will  be  seen  that  these  methods  of  making  tests  and  of  ap- 
plying the  load  are  open  to  some  objection  or  other.  What  is 
wanted  is  to  get  as  near  ideal  conditions  as  is  possible  and  to  ap- 
proach the  conditions  which  exist  in  structures  under  investiga- 
tion. Take  for  illustration  vertical  shear  in  beams,  which 
forms  one  of  the  most  common  and  'most  important  applications 
for  the  values  to  be  obtained  for  shearing  resistance.  .In  this 
case,  bearing  stresses  have  little  eifect.  Cutting  action  does  not 
exist.  The  vertical  shearing  stresses  are  nearly  uniformly  dis- 
tributed over  the  section  below  the  neutral  axis  and  vary  only 
moderately  over  the  compression  area.  (See  Bulletin  No.  4,  p.  20.) 
Again  attention  should  be  called  to  the-  inconsistency  of  using  the 
terms  "shear  failure"  and  "diagonal  shear  failure"  in  the  case  of 
beams  failing  by  diagonal  tension. 

This  bulletin  records  the  results  of  shear  tests  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois,  to- 
gether with  statements  of  other  available  data.  It  is  known  that 
the  methods  used  in  the  tests  and  the  forms  of  test  pieces  used  are 
open  to  objection,  but  investigations  of  this  kind  are  experimental 
in  methods  as  well  as  in  materials,  and  the  experiments  in  methods 
are  o.  themselves  of  value.  It  is  believed,  too,  that  the  results, 
when  compared  with  those  made  elsewhere,  will  go  toward  estab- 
lishing the  general  or  comparative  value  of  the  shearing  strength 
of  concrete,  and  that  no  end  would  be  subserved  in  holding  the 
results  for  more  complete  data. 

The  tests  were  made  principally  as  thesis  work.  The  tests  of 
1905  were  made  by  C.  S.  O'Connell  and  J.  E.  Shoemaker  of  the  class 
of  1905  in  civil  engineering;  those  of  1906  by  J.  E.  Schoeller  and 
N.  E.  Seavert  of  the  class  of  1906.  These  men  are  entitled  to  credit 
not  only  for  the  care  and  industry  displayed  in  their  work  but  for 
the  thought  and  study  given  to  the  problem.  Acknowledgment 
is  made  to  V.  R.  Fleming,  1905,  for  aid  in  the  preparation  of  this 
bulletin. 
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Data  from  Various  Sources. 

Before  taking  up  the  University  of  Illinois  tests,  a  few  pages 
will  be  devoted  to  data  taken  from  various  sources  and  to  a 
brief  examination  of  these  data. 

It  has  already  been  stated  that  the  prevailing  notion  among 
engineers  is  that  the  shearing  strength  of  concrete  is  compara- 
tively low.  The  text-books  on  concrete  and  reinforced  concrete 
quote  values  equal  to,  or  a  little  more  than,  the  tensile  strengtli 
of  concrete  and  but  a  small  part  of  the  compressive  strength.  In 
the  following  data,  instead  of  referring  to  the  original  publication 
of  the  experiments,  reference  is  generally  made  only  to  the  books 
which  may  be  available  to  the  general  reader. 

A  set  of  tests  on  shearing  strength  of  mortar  which  have  been 
frequently  quoted  was  made  by  Bauschinger"  in  1878.  The  test 
specimens  were  taken  from  test  pieces  2.4  in.  X  4.8  in.  X  12  in. 
which  had  been  broken  in  flexure.  The  results  were  interpreted 
to  show  that  the  shearing  strength  of  the  mortar  was  20%  great- 
er than  the  tensile  strength  of  similar  mortars.  It  seems  probable 
that  in  the  method  of  testing  used  tension  and  not  shear  was  the 
controlling  element.  Results  of  later  tests  seem  to  indicate  that 
these  values  are  not  representative  of  the  resistance  of  portland 
cement  mortar  in  simple  shear. 

Marshf  quotes  Feret  as  concluding  "that  the  ultimate  shear- 
ing resistance  is  proportional  to  that  for  compression,  and  obtains 
the  relation  that  the  shearing  resistance  is  from  0.16  to  0.20  of 
the  compressive  strength;  this  would  give  as,  taking  2175  pounds 
per  square  inch,  (the  mean  compressive  resistance  at  from  four 
to  six  weeks)  a  shearing  strength  of  from  350  to  485  pounds  per 
square  inch,  and  at  a  period  of  three  months  from  415  to  520 
pounds  per  square  inch". 

Marsh  also  makes  the  following  statement:  "In  a  paper  pre- 
sented at  the  1901  Budapest  Congress,  M.  Considere  gives  the 
value  of  the  resistance  of  concrete  to  shearing  deduced  from  M. 
Mesnager's  experiments  as  from  20%  to  30%  higher  than  the  ten- 
sile resistance;  this  gives,  taking  the  values  from  260  to  285  pounds 
per  square  inch,  as  the  mean  at  a  period  fromfour  to  six  weeks, 
and  310  to  340  pounds  per  square  inch  at  three  months,  which  are 


*  Sabin's  Cement  and  Concrete,  p.  328.    Falk's  Cements,  Mortars  and  Concretes,  p.  27. 
t  Marsh's  Reinforced  Concrete,  p.  222, 
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TABLE   1.* 

Strength  or  Portland  Cement  Mortars. 

By  E.  Feret. 


Approximate 
Proportion  by 

Ultimate  Stren^ 
lb.  per  sq.  in 

?th 

Katio  of 

IlJGIIl 

Weiglit 

Shear 

to  Com  - 

Cement 

Sand 

Shear 

Tension 

Com- 
pression 

pression 

1 

1 

18.6 

170 

69 

240 

.71 

2 

1 

9.9 

570 

146 

870 

.66 

3 

1 

6.9 

1070 

212 

1540 

.70 

4 

1 

5.2 

1440 

258 

2350 

.61 

5 

1 

4.1 

2000 

314 

3320 

.60 

6 

1 

3.2 

2560 

367 

4170 

.61 

7 

1 

2.5 

2790 

421 

5210 

.54 

8 

1 

1.8 

3580 

480 

5970 

.60 

9 

1 

1.2 

3930 

537 

6670 

.59 

10 

1 

0.7 

3640 

563 

6810 

.65 

11 

1 

12.9 

256 

81 

310 

.83 

12 

1 

7.0 

669 

182 

950 

.70 

13 

1 

5.0 

1040 

240 

1510 

.69 

14 

1 

4.1 

1350 

278 

1990 

.68 

15 

1 

3.1 

1810 

320 

2720. 

.67 

16 

1 

2.5 

2250 

368 

3430 

.66 

17 

1 

2.0 

2650 

415 

4380 

.61 

18 

1 

1.4 

2750 

521 

5440 

.50 

19 

1 

0.9 

3580 

541 

6100 

.59 

20 

1 

0.5 

3540 

602 

6720 

.53 

21 

1 

12.3 

156 

67 

160 

.97 

22 

1 

5.8 

370 

126 

540 

.69 

23 

1 

3.5 

768 

214 

1230 

.62 

24 

1 

2.4 

1410 

302 

1940 

.73 

25 

1 

1.8 

2130 

364 

2840   • 

.75 

26 

1 

1.3 

2570 

436 

3710 

.69 

27 

1 

1.0 

2750 

510 

5000 

.55 

28 

1 

0.7 

3070 

574 

5760 

.53 

29 

1 

0.5 

3570 

647 

6500 

.55 

30 

1 

0.3 

4120 

691 

7110 

.58 

31 

1 

5.0 

1720 

328 

2350 

.73 

32 

1 

3.0 

3100 

450 

4010 

.77 

33 

1 

2.0 

.3070 

518 

4810 

.64 

34 

1 

3.0 

456 

3640 

35 

1 

0.0 

3680 

698 

8040 

!46 

*  Taken  from  Concrete,  Plain  and  Reinforced,  "by  Taylor  and  Thompson,  p.  136. 
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considerably  below  those  found  by  M.  Feret.  Many  authors  as- 
sume that  the  resistance  of  concrete  to  shearing  is  less  than  its 
resistance  to  tension,  and  consequently  give  it  a  much  lower  value, 
but  this  assumption  appears  to  be  erroneous." 

Taylor  and  Thompson*  give  data  from  Feret's  investigation 
which  indicate  a  much  higher  shearing  strength  for  mortar  than 
that  given  in  the  preceding  paragraph.  Table  1  gives  the  shear- 
ing, tensile,  and  compressive  strength  of  these  mortars.  It  will 
be  seen  that  the  shearing  strength  ranges  from  46%  to  97%  of 
the  compressive  strength  and  is  three  to  six  times  the  tensile 
strength. 

The  method  of  testing  (see  Fig.  2)  may  be  open  to  criticism. 
The  specimen  is  subjected  to  single  shear,  and  the  small  bear- 
ing area    may  produce   excessive   compressive 
stresses.     Tensile  stresses  may  govern  the  fail- 
ure. 

Considfere  f  states  that  the  experiments  made 
by  Mesnager  tend  to  show  that  the  resistance  of 
mortar  to  shearing  exceeds  its  tensile  resistance 
as  it  is  determined  by  the  usual  tests.  Tests, 
which  may  be  too  few  to  allow  of  general  con- 
clusions, have  shown  a  difference  of  20%  to  30% 
between  these  two  resistances.  Marsh  j  quotes 
Considere  as  applying  the  same  statement  to 
concrete, 

Falk  §  gives  values  of  the  shearing  strength  of  concrete  rang- 
ing from  65  to  314  pounds  per  square  inch,  and  amounting  to  10% 
to  18%  of  the  compressive  strength  of  the  concrete. 


^ 


Fig.  2.  Shear 
Test  Used  by 
Feret. 


*  Taylor  and  Thompson's  Concrete,  Plain  and"Reinforced,  p.  136,  taken  from  "Etudes  sur 
la  Constitution  Intime  des  Mortiers  Hydrauliques"',  in  Bulletin  de  la  Societe  D'Encouragement 
pour  L 'Industrie  Nationale,  1897.    Series  5,  Vol.  11,  p.  1591. 

t  Considere's  Reinforced  Concrete,  translated  by  Moisseifl,  p.  104. 

t  Marsh's  Reinforced  Concrete,  p.  222. 

§  Palk's  Cements,  Mortars  and  Concretes,  p.  95.    Figure  showing  method  of  test,  p.  87. 
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TABLE  2* 

Shearing  and  Crushing  Strength  of  1-3-5  Concrete. 

By   M.  S.  Falk. 


Ultimate  Crushing 

Ultimate  Shearing 

No. 

Eesisfcance 

Resistance 

Ratio  of 

Shear  to 

Compres- 

Of 6-inch  cube 

Age 

lb.  persq. 

Age 

sion 

lb.  per  sq.  in. 

days 

in. 

days 

1 

1870 

177 

195 

169 

.10 

5 

314 

165 

6 

i246 

iei 

166 

164 

.13 

8 

1196 

157 

187 

157 

.15 

10 

863 

151 

158 

151 

.18 

22 

922 

128 

104 

128 

.11 

2.3 

600 

128 

65 

128 

.11 

Table  2  summarizes  the  data.     The  method  of  making  the  shear- 
ing test  (Fig.  3)  is  open  to  criticism,  particularly  in  that  the  high 
I  bearing  stresses  cause  a  cutting 

action,    and  the    failure   of   the 


6"'e' 


1^^; 


^^^^ 


specimens  can  hardly  be  said  to 
be  due  to  shear.  The  values  ob- 
tained can  not  be  considered  to 
be  representative  of  the  shearing 
strength  of  concrete. 

.Tests  made  by  Zipkesf  on 
prisms  7  X  7  X  15.8  in.  gave  val- 
ues of  357  pounds  per  square  inch 
for  shearing  strength  of  concrete  50  days  old.  The  prisms  were 
supported  but  not  clamped,  and  the  conditions  resemble  beam 
failure  so  much  that  the  results  can  not  be  considered  to  repre- 
sent ordinary  shearing  strength.  Fig.  4  shows  the  form  of  test 
specimen. 


Fig.  3. 


Shear  Test  Used  by 
Falk. 


*  Taken  from  Cements,  Mortars  and  Concretes,    by  Falk.  p.  95. 

t  Beton  und  Eisen,  January,  1906,  p.  15.  et  seq.  Translation  printed  in  Cement,  March.  1906. 
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Tests  on  slotted  corxcrete  beams  reported  in  the  same  article 

are  open  to   the   objection   that  web 
stresses  other  than  shearing  stresses 
probably  were  the  cause  of  the  failure. 
A    valuable    set  of   tests   on  the 
shearing   strength    of    concrete    was 
made  at  the  Massachusetts  Institute  of 
Technology  under  the  direction  of  Pro- 
fessor Spofford    and  the  auspices  of 
the  Joint  Committee  on  Concrete  and 
Reinforced  Concrete  in  1905.    A  sum- 
mary of  the  data  is  given  in  Table  3. 
Fig.  4.    Shear  Test  Used  by  Three   grades  of  concrete  were  used 
ZiPKES.  ^^^  ^gg^   pieces    were    stored  in   air 

and  also  in  water.  The  cylindrical  test  piece  was  5  in.  in  diam- 
eter and  151  in.  long  and  the  ends  were  securely  clamped  above 
and  below  in  cylindrical  bearings.  The  load  was  applied  along 
a  length  of  5x6  inches  of  a  semi-cylindrical  bearing  block.  This 
manner  of  testing  permitted  the  test  piece  to  break  first  as  a  beam 
but  final  failure  was  by  shear.  Tensile  stresses  may  have  aifected 
the  results  somewhat;  if  so,  the  values  given  are  less  than  the 
true  shearing  stength. 

TABLE  3. 

Summary  of  Shear  Tests. 
Made  at  Massachusetts  Institute  of  Technology. 


Kind  of 

Method  of 
Storing 

Shearing  Strength 
lb.  per  sq.  in. 

Crushing- 
Strength 
lb.  per  sq. 
in. 

Ratio  of 
Shear  to 
Compres- 
sion 

Concrete 

Maximum 

Mini- 
mum 

Average 

1-2^ 
1-2-4 
1-3-5 
1-3-5 
1-3-6 
1-3-6 

Air 

Water 

Air 

Water 

Air 

Water 

1630 
2090 
1590 
1380 
1450 
1200 

960 
1180 
890 
840 
950 
1030 

1310 
1650 
1240 
1120 
1180 
1120 

2070 
2620 
1310 
1360 
950 
1270 

0.63 
0.63 
0.94 
0.32 
1.25 
0.88 
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Materials,  Test  Pieces  and  Tests. 

The  materials,  forms  of  test  pieces,  method  of  testing  and 
phenomena  of  the  tests  made  at  the  University  of  Illinois  in  1905 
and  1906  will  now  be  described. 

Materials. — The  broken  stone  used  in  the  1905  tests  was  Kan- 
kakee limestone  screened  through  a  1-in.  and  over  a  i-in.  screen. 
It  was  taken  from  the  lot  described  more  fully  in  Bulletin  No.  4. 
The  stone  for  the  1906  tests  was  similar  in  character  but  some- 
what harder.  The  sand  was  coarse  mortar  sand,  that  used  in  the 
1905  tests  being  the  same  as  that  described  in  Bulletin  No.  4  and 
that  used  in  1906  being  similar  in  character.  The  cement  used  in 
1905  was  the  mixture  of  American  portland  cements  furnished  by 
the  Joint  Committee  on  Concrete  and  Reinforced  Concrete  de- 
scribed in  Bulletin  No.  4.  The  tensile  strength  of  the  neat 
cement  was  723  pounds  per  square  inch  at  age  of  7  days,  and  1-3 
mortar  gave  354  pounds  per  square  inch  at  7  days  and  533  pounds 
per  square  inch  at  75  days.  The  cement  used  in  1906  was  similar 
in  character. 

Test  Pieces. — As  has  already  been  stated,  it  is  extremely  diffi- 
cult to  make  a  test  of  concrete  which  will  determine  the  shearing 
strength.  Other  stresses,  tensile,  bearing,  and  web  stresses  com- 
plicate the  problem,  and  their  action  may  be  the  controlling  element 
of  failure  even  when  shearing  action  is  the  apparent  cause.  The 
form  of  test  piece  to  be  used  was  the  first  point  to  study,  and 
one  purpose  of  these  tests  was  to  find  the  effect  of  different  forms 
of  test  pieces  and  learn  what  form  is  open  to  the  least  objection. 
Two  methods  of  testing  were  used.  In  the  first,  a  hole  was  punched 
in  a  concrete  plate  or  block,  and  this  method  will  be  referred 
to  as  a  punching  test.  The  second  method  consisted  in  breaking 
a  short  concrete  beam  which  was  restrained  at  the  ends.  This 
method  will  be  referred  to  as  the  restrained  beam  test. 

Three  forms  of  test  pieces  were  used  in  the  punching  tests, — ■ 
1.  plain  concrete  plate;  2.  recessed  concrete  block;  3.  reinforced 
recessed  concrete  block.  As  was  to  be  expected,  the  plain  concrete 
plate  failure  indicated  that  induced  tensile  stresses  contributed  to 
the  failure,  and  the  other  test  pieces  were  contrived  in  an  attempt 
to  overcome  this  defect.  A  cylindrical  die  58-  in.  in  diameter  was 
Qsed  in  the  punching  tests.  Fig.  5  (a)  shows  the  dimensions  of 
the  plain  concrete  plate.     In  the  recessed  block,   shown  at  (b), 
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Fig.  5.    Torms  of  Shear  Test  Piece,    (a)  Plain 

Concrete  Plate,     (b)  Recessed  Block,    (c)  and  (d) 

Reinforced  Recessed  Blocks. 

the  shearing  area  is  the  same,  and  the  hollow  space  at  the  bottom 
is  given  a  draft  in  order  to  facilitate  drawing  the  form.  This  test 
piece  is  better  fitted  to  withstand  the  tensile  stresses  developed 
during  the  punching  operation.  Fig.  5  (c)  and  (d)  show  the  rein- 
forced recessed  blocks.  A  reinforcement  of  steel  was  embedded 
in  the  concrete.  In  two  specimens  tested  in  1905  four  bent  bars, 
rVXlf-in.,  were  placed  as  shown  in  Fig.  5  (c),  and  in  two  speci- 
mens, eight  bent  rods,  i-in.  square  and  twisted,  were  similarly- 
placed. 

In  making  the  tests,  the  test  specimens  were  placed  on  a  bed 
plate  1  inch  thick,  having  an  opening  6  inches  in  diameter  in  the 
center.     The  load  was  applied  through  a  spherical  bearing  block, 
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and  a  die  ^i  inches  in  diameter  placed  on  the  test  specimen  formed 
the  punching  tool.  Plaster  of  paris  coatings  were  used  on  all  bear- 
ing surfaces. 

The  test  piece  for  the  restrained  beam  test  (Fig.  6)  was  4X4 
in.  in  cross  section  and  13  inches  long.  The  cast-iron  bed  plate 
was  faced  above  and  below,  as  were  the  two  plates  at  the  top. 


Concrer<s  Sec 


I     r 


I    I  rr/an 

l| i|     lO^B     I ;i 


-/'- 


-  a 


4i 


t^r. 


^  /IS     ~ 


/-^ 


Fig.  6.    Restrained  Beam  Shear  Test  Piece. 


TABLE  4.* 

Compressive  Strength  of  6-inch  Cubes. 

1905  Tests.    1-3-6  Concrete. 


Concrete 
as  in 

Method  of 
Storing- 

Age 
days 

Compres- 
sion Area 
sq.  in. 

Ultimate 
Load 
pounds 

Compressive 

Strength 
lb.  per  sq.  in. 

Beam  ISTo.  35 
Beam  No.  44 
Beam  No.  65 

Air 
Air 
Air 

Air 

Air 
Air 

Air 
Air 

Air 

66 
66 
66 

67 
67 
67 

59 
59 
59 

36 
36 
36 

36 
36 
36 

36 
36 
36 

48000 
47980 
57400 

38400 
39800 
29400 

47200 
.     41600 

48850 

1330 
1330 
1590 

1065 

1105 

816 

1310 
1156 
1355 

Average 

1230 

*  Taken  from  Bulletin  No.  4,  p.  32. 
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The  bolts  clamped  the  beam  tightly  on  the  bed  plate.  Plaster  of 
paris  coatings  were  used  on  all  bearing  surfaces.  Fig.  10  shows 
the  apparatus  in  testing  machine. 

TABLE  5. 

Compressive  Strength  of  G-inoh  Cubes. 

1906  Tests.    1-3-6  Concrete. 


Eef. 

Method  of 
Storing- 

Age 
daji's 

Compres- 
sion Area 
sq.  in. 

Load  in 

pounds 

■tr^a 

11^ 

JNO. 

At  First 
Crack 

Ulti- 
mate 

5^a 

1 
2 
3 

4 

Damp  sand 
Damp  sand 
Damp  sand 

Damp  sand 
Damp  sand 
Damp  sand 

Damp  sand 
Damp  sand 
Damp  sand 

Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
60 

60 
60 
60 

61 
61 
61 

59 
59 
59 

37.9 
37.5 
36.4 

37.9 
37.2 
36.4 

37.5 
37.1 
37.1 

37.1 
37.1 
37.9 

70000 
72000 
73500 

58000 
67000 
48000 

92000 
92000 

78000 

70400 
84000 
74000 

73200 
73500 
74500 

86200 
79500 
75600 

100700 
113600 
109200 

101000 

101800 

97400 

1930 
1958 
2045 

2274 
2135 

2072 

2685 
3060 
2945 

2722 
2740 
2568 

Averag'e 

2428 

5 

Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
60 

37.1 

37.1 
36.8 

59600 
53100 
50100 

65800 
66500 
58900 

1773 
1791 
1600 

Average 

1721 

Compressive  Strength  of  Concrete. — An  effort  was  made  to  find  the 
compressive  strength  of  concrete  in  order  that  comparisons  with 
the  shearing  strength  might  be  made.  The  method  of  making 
and  storing  the  test  pieces  was  not  altogether  satisfactory,  and 
for  this  reason  a  comparison  of  strength  can  not  be  considered 
entirely  trustworthy.  All  the  cubes  tested  were  6-in.  cubes. 
In  the  1905  tests  the  concrete  cubes  were  stored  in  air  in  a  steam 
heated  room  where  the  temperature  ranged  from  60°  to  70°  F. 
Table  4  gives  the  compressive  strength  of  1-3-6  cubes  of  the  1905 
tests.     In  the  1906  tests  the  concrete  cubes  were  stored  in  sand 
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which  was  kept  moist  during  the  period  of  storage.  The  results 
of  the  test  are  given  in  Tables  5  and  6.  It  will  be  seen  that  the 
values  found  are  very  high.  In  fact,  these  results  are  so  much 
higher  than  other  tests  of  concrete  cubes  made  in  this  laboratory 
that  the  difficulty  of  comparing  the  tests  with  tests  made  at  other 
times  is  increased.  The  cause  of  these  variations  is  somewhat  ob- 
scure; the  manner  of  storing  is  probably  only  one  of  the  elements 

TABLE  6. 

Compressive  Strength  of  6-inch  Cubes. 
1906  Tests.    1-2-4  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Compres- 
sion Area 
sq.  in. 

Load  in 

pounds 

•l-H    (-1 .3 

No. 

At  First 
Crack 

Ulti- 
mate 

6 

Damp  sand 
Damp  sand 
Damp  sand 

59 
59 
59 

37.1 
37.1 

37.8 

109500 

110000 

73400 

128500 
129000 
121400 

3463 
3480 
3212 

1 

Damp  sand 
Damp  sand 
Damp  sand 

59 
59 
59 

35.6 
36.8 
37.1 

96300 
104000 
100600 

108000 
117600 
120900 

3030 
3193 
3259 

8 

Damp  sand 
Damp  sand 
Damp  sand 

58 
58 
58 

37.5 

37.8 
37.8 

63400 
99900 

86800 

124700 
143100 
138000 

3322 

3790 
3650 

9 

Damp  sand 
Damp  sand 
Damp  sand 

59 
59 
59 

36.8 
36.1 
37.1 

79500 
98000 
69300 

91900 

113700 

99300 

2492 
3120 
2675 

10 

Damp  sand 
Damp  sand 
Damp  sand 

57 
57 
57 

37.1 
37.5 
37.5 

64000 
59100 
84300 

111200 

98600 

106500 

2998 
2630 
3840 

of  difference.  Tables  7  and  8  give  results  of  the  compression 
tests  made  on  cylinders  8  inches  in  diameter  and  16  inches  long. 
These  specimens  were  of  the  same  material  as  the  1906  cubes  and 
were  stored  in  the  same  manner.  It  will  be  seen  that  the  com- 
pressive strength  determined  from  the  cylinder  is  materially  less 
than  that  obtained  with  the  cubes.  In  all  compression  tests,  a 
spherical  bearing  block  was  used,  and  a  coating  of  plaster  of  paris 
was  used  on  the  bearing  faces. 
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TABLE     7. 

Compressive  Strength  op  8  x  16-inch  Cylinders. 

1906  Tests.    1-3-6  Concrete. 


.  "^ 

Ref. 
No. 

Method  of 
Storing 

Age 
days 

Q    CO    CO 

Ultimate 

Load 

pounds 

5^5 

1 

Damp  sand 

60 

49.6 

60500 

1220 

2 

Damp  sand 

60 

49.6 

60000 

1210 

3 

Damp  sand 

60 

49.6 

60000 

1210 

4 

Damp  sand 

61 

49.3 

80400 

1630 

5 

Damp  sand 

59 

49.4 

66200 

1340 

Average 

1322 

6 

Damp  sand 

60 

49.8 

57800 

1160 

TABLE  8. 

Compressive  Strength  of  8  x  16-inch  Cylinders. 

1906  Tests.    1-2-4  Concrete. 


d 

o 

Eef. 

Method  of 

Age 

Ultimate  Load 

CO  *->     . 
Qi   n  M 

No. 

Storing 

days 

Compr 
Ar 
sq. 

pounds 

Compr 

Stre 

lb.  per 

7 

Damp  sand 

59 

49.6 

132000 

2660 

8 

Damp  sand 

58 

49.6 

126000 

2540 

9 

Damp  sand 

59 

49.6 

114000 

2300 

10 

Damp  sand 

57 

49.6 

110000 

2220 

Average 

2430 

Discussion. — The  behavior  of  the  plain  concrete  plates  and  of 
the  unreinforced  recessed  blocks  durinp^  the  test  indicates  that 
tensile  stresses  were  the  primary  cause  of  failure  with  these  forms 
of  test  specimens.  This  tension  may  be  likened  to  the  bursting 
stress   developed  in  a  cylinder  subjected   to  internal    pressure. 
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At  a  load  of  one-third  to  one-half  of  the  ultimate  load,  hair  cracks 
would  appear  at  the  bottom  and  middle  of  the  exterior  of  the 
specimen.  As  the  load  was  increased  the  crack  extended  upward 
and  increased  in  width  until  at  the  ultimate  load  it  attained  a 
width  of  TB"  inch  at  the  bottom  and  extended  to  the  top  of  the 
specimen.  The  specimen  could  then  be  broken  apart  with  the 
hands,  giving  four  exterior  pieces  and  the  punched  central  core. 
The  appearance  of  the  crack  is  shown  in  Fig.  8.  The  broken 
specimens  are  shown  in  Fig.  7.  The  core  which  was  punched  out 
always  showed  cracks  on  the  bottom  and  these  generally  extend- 
ed one-half  to  two-thirds  the  distance  to  the  top.  In  some  cases  the 
specimen  broke  into  two  parts  as  a  beam  fails,  and  in  others  the 
corners  rose  a  small  distance  much  as  a  metal  plate  does  during 
a  punching  operation.  In  every  case  tension  failure  at  the  later- 
al faces  occurred  before  shearing  took  place,  and  it  was  evident 
that  the  final,  or  ultimate,  failure  was  much  influenced  by  this 
condition  and  that  ultimate  failure  could  not  be  said  to  be  due  to 
simple  shear.  The  recessed  specimens  were  better  in  this  re- 
spect than  the  plain  plates,  and  the  shearing  stresses  were  evi- 
dently more  nearly  uniformly  distributed  throughout  the  depth 
with  this  form. 

The  reinforced  recessed  blocks  failed  in  a  manner  quite  sim- 
ilar to  the  un  reinforced  recessed  blocks  except  that  the  cracks 
appeared  relatively  later  and  did  not  open  up  when  the  ultimate 
load  was  reached.  The  shearing  loads  were  higher  than  for  the 
unreinforced  specimens  and  the  conditions  were  more  favorable 
for  developing  the  shearing  strength  of  the  material.  This  is  es- 
pecially true  where  hoops  were  used  for  the  reinforcement.  An 
objection  which  still  remains  in  this  form  of  specimen  is  that  the 
manner  of  applying  the  load  at  the  top  of  the  piece  does  not  give 
an  even  distribution  of  the  shear  throughout  the  vertical  section. 

The  manner  of  failure  of  the  restrained  beam  form  of  speci- 
men was  as  follows:  In  specimens  No.  1  to  5  (1-3-6  concrete)  and 
No. 6  (1-2-4  concrete)  the  first  sign  of  failure  was  the  appearance 
of  cracks  at  the  top  as  sketched  in  Fig  11  (a)  at  a  load  three-fourths 
to  nine-tenths  of  the  ultimate.  These  cracks  seemed  to  be  caused 
by  a  cutting  action  of  the  bearing  plate  or  to  tension  due  to  beam 
action.  As  the  load  increased  these  cracks  gradually  lengthened 
and  widened,  as  shown  in  Fig.  11  (b)  until  they    finally  reached  a 
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Fig.  11.    Manner  of  Failure  in  Restrained  Beam  Shear 
Test  Piece. 


TABLE  9. 

Shearing  Strength  of  Plain  Plates. 

1905  Tests.    1-3-6  Concrete. 


Load  in 

pounds 

Eef. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

■^^^ 

No. 

At  First 
Crack 

Ultimate 

Shea 

Strei 

lb.  per 

39 

Air 

60 

55.4 

12000 

37000 

668 

40 

Air 

60 

56.5 

18000 

35000 

620 

41 

Air 

61 

56.5 

15000 

39000 

691 

42 

Air 

61 

-  56.5 

28000 

43500 

770 

43 

Air 

61 

56.5 

16000 

36000 

638 

44 

Air 

61 

55.4 

14000 

35000 

632 

45 

Air 

61 

56.5 

17000 

42000 

744 

46 

Air 

61 

56.5 

18000 

39500 

700 

47 

Air 

61 

55.4 

19000 

36000 

650 

Average 
31 

679 

Water 

69 

56.5 

8000 

36000 

637 

32 

Water 

69 

54.2 

15000 

41500 

765 

33 

Water 

69 

54.2 

14000 

38400 

708 

34 

Water 

61 

54.2 

12000 

36200 

667 

35 

Water 

61 

55.4 

20000 

47500 

857 

36 

Water 

61 

56.5 

13000 

40000 

709 

37 

Water 

61 

55.4 

17000 

42000 

758 

Average 

729 

Fig.  1.    View  Showing  Recessed  Blocks  After 
Failure. 


Fig.  8.    View  Showing  Punching  Test. 


Fig.  9.    YiEW  Showing  Test  Pieces. 


Fig.  10.     ViEw^  Showing  Restrained  Beam 
Shear  Test. 
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TABLE  10. 

Shearing  Strength  of  Plain  Plates. 

1906  Tests.    1-3-6  Concrete. 


Eef. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in 

pounds 

ring 
igth 
sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

Shea 

Stre 

lb.  per 

1 
2 
3 
4 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
61 
59 

57.8 
61.0 
58.9 
60.1 

28000 
18000 
58000 

37800 

30800 
64500 
60500 
61200 

533 

1058 
1028 
1018 

Average 
5 

909 

Damp  sand 

60 

61.0 

39500 

59000 

968 

TABLE  11. 

Shearing  Strength  of  Plain  Plates. 

1906  Tests.    1-2-4  Concrete. 


Eef. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in  pounds 

Shearing 

Strength 

lb.  per  sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

6 

7 

8 

9 

10 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

59 
59 

58 
59 

57 

61.0 
60.1 
58.9 
60.1 
61.0 

24200 
22000 
16600 

12800 
41800 

81000 
86800 
64500 
48000 
79400 

1330 
1443 
1095 
799 
1300 

Average 

1193 

maximum  width,  of,  say,  sV  inch  at  the  top.  In  specimens  No. 
7  to  10  (1-2-4  concrete)  the  first  sign  of  failure  was  a  tension  crack 
as  shown  in  Fig.  11  (c),  which  appeared  at  a  load  of  one-third  to 
four-fifths  of  the  ultimate  and  gradually  lengthened  and  widened 
as  the  load  increased.  Later  cracks  would  appear  at  the  top  as 
shown  in  Fig.  11  (d).  After  the  maximum  load  was  reached,  the  low- 
er crack  gradually  closed  up  and  the  upper  cracks  increased  in 
width.  The  final  shearing  action  occurred  at  a  load  less  than  the 
maximum  and  evidently  took  place  over  a  much  smaller  shearing 
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TABLE  12. 

Shearing  Strength  of  Kecessed  Blocks. 
1905  Tests.    1-3-6  Concrete. 


Load  in 

pounds 

d 

Ref. 

Method  of 
Storing 

Age 
days 

Sliearing 
Area 

1^0. 

^§i 

sq.  in. 

At  First 
Crack 

Ultimate 

14 

Air 

60 

56.5 

23000 

51000 

903 

15 

Air 

60 

56.5 

23000 

36700 

650 

16 

Air 

60 

55.4 

30000 

52500 

947 

17 

Air 

60 

54.2 

21000 

34800 

642 

18 

Air 

61 

56.5 

,  , 

39000 

691 

19 

Air 

61 

55.4 

24000 

49500 

894 

20 

Air 

61 

54.2 

22000 

52500 

968 

21 

Air 

61 

55.4 

26000 

49000 

894 

22 

Air 

60 

56.5 

19000 

47000 

832 

23 

Air 
Air 

60 
60 

56.5 
56.5 

37000 
51500 

655 

24 

""23660"" 

911 

25 

Air 

60 

56.5 

19000 

41000 

725 

26 

Air 

60 

54.2 

14000 

32500 

600 

27 

Air 

61 

56.5 

17500 

45500 

805 

28 

Air 

61 

56.5 

18000 

40500 

717 

29 

Air 

61 

56.5 

24000 

50000 

885 

30 

Air 

61 

55.4 

22000 

45500 

811 

Average 
1* 

796 

Water 

69 

55.4 

25000 

39500 

713 

2* 

"Water 

69 

54.2 

24000 

33000 

609 

3* 

Water 

69 

54.2 

25000 

36000 

664 

4* 

Water 

69 

55.4 

19500 

43000 

775 

6* 

Water 

63 

55.4 

25000 

37100 

670 

8* 

Water 

6L 

55.4 

40000 

722 

Average 
9 

692 

Water 

61 

54.2 

20000 

52500 

968 

10 

Water 

61 

56.5 

21000 

47200 

886 

11 

Water 

61 

56.5 

24000 

50000 

885 

12 

Water 

61 

55.4 

24000 

53300 

961 

13 

Water 

61 

54.2 

22000 

37700 

695 

Average 

879 

*  These  specimens  were  injured  in  removing  the  forms. 


area  than  the  full  section  of  the  beam.  At  the  final  failure  of  these 
beam  specimens  cracks  formed  as  shown  in  Fig.  11  (e)  through  a 
portion  of  the  depth.  This  portion  of  the  vertical  section  evi- 
dently took  the  full  shear. 
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TABLE  13. 

Shearing  Strength  of  Recessed  Blocks. 

1906  Tests.    1-3-6  Concrete. 
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Ref. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in  pounds 

ring 
Igth 
sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

Shea 
Strer 
lb.  per 

1 

2 
3 
4 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
61 
59 

58.8 
58.8 
57.8 
60.1 

54000 
69400 
63300 
28000 

66300 
69800 
69300 
63300 

1126 
1187 
1198 
1052 

Average 
5 

1141 

Damp  sand                60 

60.1 

42000 

54700 

910 

TABLE  14. 

Shearing  Strength  of  Recessed  Blocks. 
1906  Tests.    1-2-4  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Shearing 

Area 

sq.  in. 

Load  in  pounds 

ring 
Igth 
sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

Shea 

Strer 

lb.  per 

6 

7 

8 

9 

10 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

59 
59 

58 
59 

57 

60.1 
56.5 

57.8 
58.8 
57.8 

39300 
45600 
41100 
26200 
19200 

66200 
82700 
86500 
74400 
55900 

1100 
1463 
1495 
1262 
967 

Average 

1257 
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TABLE  15. 

Shearing  Strength  of  Keineorced  Recessed  Blocks. 
1905  Tests.    1-3-6  Concrete. 


Ref. 

Method  of 

Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in  pounds 

Shearing 

Strength 

lb.  per  sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

48 
49 
50 
51 

Air 
Air 
Air 
Air 

59 
59 
59 
59 

56.5 
56.5 
55.4 

56.4 

28000 
36000 
50000 
52000 

47000 
65800 
59000 
64500 

831 
1165 
1065 
1142 

Average 

1051 

TABLE  16. 

Shearing  Strength  of  Ebinforced  Recessed  Blocks. 

1906  Tests.    1-3-6  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in  pounds 

ring 
igth 
sq.  in. 

No. 

At  First     Ulti- 
Crack       mate 

Shea 

Strei 

lb.  per 

1 

2 
3 
4 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
61 
59 

58.5 
57.8 
57.8 
57.8 

73000 

98000 

100000 

62300 

89500 
105500 
108000 
119100 

1529 
1825 
1869 
2060 

Average 
5 

1821 

Damp  sand 

60 

58.8 

58200 

91500 

1555 
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Experimental  Data  and  Discussion. 

Data. — Tables  9,  10  and  11  give  the  results  for  the  form  of 
test  piece  called  plain  concrete  plates.  Tables  12,  13  and  14  give 
the  results  for  recessed  concrete  blocks.  Tables  15,  16  and  17 
give  the  results  for  reinforced  recessed  concrete  blocks.  Tables 
18  and  19  give  the  results  for  form  of  test  piece  called  restrained 
concrete  beam. 

TABLE  17. 

Shearing  Strength  of  Reinforced  Eecessed  Blocks. 
1906  Tests.    1-2-4  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Shearing 

Area 
sq.  in. 

Load  in  pounds 

c 
■Bt,6^ 

No. 

At  First 
Crack 

Ulti- 
mate 

Shea 
Strei 
lb.  per 

6 

7 

■       8 

9 

10 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

59 
59 

58 
59 
57 

60.1 
55.2 

57.8 
58.8 
58.8 

85300 
37700 
64.300 
56700 
39300 

145500 
115500 
160000 
118000 
84600 

2420 
2091 
2767 
2008 
1440 

Average 

2145 

Discussion. — Table  20  gives  a  summary  of  the  shear  tests,  to- 
gether with  a  comparison  with  the  results  of  the  compression 
tests.  In  considering  the  resistance  of  concrete  to  shearing  ac- 
tion, as  shown  by  these  results,  it  will  be  well  to  take  up  the  effect 
of  the  form  of  specimen  upon  the  phenomena  of  failure,  to  consid- 
er the  values  obtained  for  ultimate  failure  and  the  elements  which 
affect  the  shearing  strength  of  concrete,  and  to  compare  shearing 
strength  with  compressive  strength. 

The  tests  bring  out  the  difficulties  of  making  shear  tests. 
Even  the  best  forms  of  test  piece  used  proved  not  fully  satisfac- 
tory for  determining  the  strength  of  concrete  in  simple  shear,  and 
in  particular  their  action  does  not  conform  exactly  to  the  phenom- 
enon as  it  exists  in  beam  action.  The  tests  throw  light  on  the 
subject,  and  we  may  expect  to  be  able  to  form  a  judgment  on  the 
shearing  strength  of  concrete.  In  the  plain  plate  test  specimen 
the  failure  in  tension  caused  by  the  bursting  action  evidently 
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TABLE  18. 

Shearing  Strength  of  Restrained  Beams. 

1906  Tests.    1-3-6  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Shearing- 
Area 
sq.  in. 

Load  in 

pounds 

CI 

M-Q. 

At  First 
Crack 

Ulti- 
mate 

Shea 

Stret 

lb.  per 

1 

2 
3 
4 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

60 
60 
61 
59 

34.0 
35.0 
34.0 
34.0 

"41200" 
46000 
33300 

40500 
48000 
46500 
45000 

1190 
1371 
1368 
1324 

Average 
5 

1313 

Damp  sand 

60 

34.0 

34000 

34700 

1020 

TABLE  19. 

Shearing  Strength  of  Restrained  Beams. 

1906  Tests.    1-2-4  Concrete. 


Ref. 

Method  of 
Storing 

Age 
days 

Shearing 
Area 
sq.  in. 

Load  in 

pounds 

ring 
igth 
sq.  in. 

No. 

At  First 
Crack 

Ulti- 
mate 

.i:^  ^  a 
''Jim 

6 

Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 
Damp  sand 

59 
59 
58 
59 
57 
57 

35.0 
34.0 
34.0 
34.0 
34.5 
34.5 

54000 
44000 
58400 
49300 
45800 
40500 

1543 

7 

8 

9 
lOA 
lOB 

31500 
46400 
33400 
29800 
27000 

1295 
1718 
1450 

1327 
1175 

Average 

1418 
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weakened  the  piece  to  resist  shear,  and  the  results  are  lower  than 
the  real  shearing  strength  of  the  concrete.  In  the  recessed  blocks 
the  bursting  effect  is  distributed  over  a  greater  area.  The  rein- 
forced recessed  blocks  resisted  the  bursting  pressure  even  better. 
The  1906  test  pieces  reinforced  with  hoops  showed  the  exterior 
cracks  at  a  load  well  up  to  the  ultimate  load  and  these  cracks  did 
not  open  up  when  the  ultimate  load  was  reached.  This  form  is 
the  best  of  those  used  in  the  punching  tests.  Objection  may  be 
made  to  the  punching  test  that  the  specimen  does  not  have  full 
opportunity  to  expand  laterally,  but  a  greater  objection  is  that  the 
shearing  stress  is  not  distributed  uniformly  over  the  shearing  area. 
It  is  possible  that  in  the  specimen  reinforced  with  a  hoop  the  re- 
straint interfered  with  shear  action.  The  phenomena  are  further 
complicated  by  the  compression  put  upon  the  test  piece  and  its 
distribution.  In  the  restrained  beam  form  of  test  specimen,  ten- 
sion and  cutting  cracks  decreased  the  effective  shearing  area. 
Besides,  the  application  of  the  load  at  the  level  of  the  top  of  the 
beam  does  not  permit  an  even  distribution  of  the  shear  through- 
out the  given  vertical  section.  It  seems  evident  that  the  real 
shearing  strength  of  concrete  will  be  greater  than  this  form  of 
specimen  will  give. 

In  discussing  the  results  given  in  Table  20,  the  diverse  nat- 
ure of  the  materials,  the  methods  of  storage,  and  the  form  of 
specimen  must  be  borne  in  mind.  The  stone  used  in  the  1906  tests 
was  harder  than  in  the  1905  tests,  and  the  concrete  was  much  strong- 
er. The  air- stored  specimens  were  weaker  than  those  not  exposed 
to  drying  out.  The  richer  mixture  does  not  give  proportion- 
ally higher  strengths  than  the  leaner  one.  This  is  to  be  expect- 
ed, since  the  strength  of  the  stone  must  exert  a  considerable  in- 
fluence upon  the  shearing  strength  and  may  limit  the  resistance 
to  shear.  The  higher  values  found  in  the  tests  made  at  the 
Massachusetts  Institute  of  Technology  in  1905,  as  compared  with 
the  1904  results  referred  to  in  Taylor  and  Thompson's  Concrete, 
are  explained  as  due  to  the  better  quality  of  stone  used.  The 
quality  of  the  cements  used  may  have  had  something  to  do  with 
the  difference.  It  must  be  remembered  that  these  tests  are  not 
entirely  comparable.  However,  it  would  seem  that  the  results  of 
all  these  tests  may  be  interpreted  to  mean  that  the  shearing  re- 
sistance of  concrete  is  as  high  as,  and  probably  higher  than,  the 
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TABLE  20. 

Summary  of  Shear  Tests. 


So 

men 


O  -ti 


Strength 
lb.  per  sq.  in. 


2^  iShear 


Compress- 
ion 


Cube 


Cylin- 
der 


Ratio  of  Shear 
to  Compression 


Cube 


Cylinder 


Plain 
plate 


Eecessed 
block 


Eein  forced 

recessed 

block 


Restrained 
beam 


1905 

1-3-6 

1905 

1-.3-6 

1906 

1-3-6 

1906 

1-3-6 

1906 

1-2-4 

1905 

1-3-6 

1905 

1-3-6 

1905 

1-3-6 

1906 

1-3-6 

1906 

1-3-6 

1906 

1-2-4 

1905 

1-3-6 

1906 

1-3-6 

1906 

1-3-6 

1906 

1-2-4 

1906 

1-.3-6 

1906 

1-3-6 

1906 

1-2-4 

Air 

Water 

Damp  sand 

Damp  sand 

Damp  sand 

Air 

Water 

Water 

Damp  sand 

Damp  sand 

Damp  sand 

Air 
Damp  sand 
Damp  sand 
Damp  sand 

Damp  sand 
Damp  sand 
Damp  sand 


9 

679 

1230 

1 

729 

1230 

4 

905 

2428 

1322 

1 

968 

1721 

1160 

5 

1193 

3210 

2430 

17 

796 

1230 

6 

692* 

1230 

5 

879 

1230 

4 

1141 

2428 

i322 

1 

910 

1721 

1160 

5 

1257 

3210 

2430 

4 

1051 

1230 

4 

1821 

2428 

i322 

1 

1555 

1721 

1160 

5 

2145 

3210 

2430 

4 

1313 

2428 

1322 

1 

1020 

1721 

1160 

6 

1418 

3210 

2430 

.55 
.59 
.37 
.56 
.37 

.65 
.56 
.71 
.47 
.53 
.39 


.75 
.90 

.67 

.54 
.59 
.44 


.83 
.49 


.78 
.52 


1.38 
1.39 


1.00 

.88 
.58 


*  Specimens  injured  in  removing  tlie  forms. 


values  found  with  the  recessed  blocks  in  the  punching  tests  and 
with  the  restrained  beam  test.  The  shearing  strength  of  this 
limestone  concrete  at  60  days,  as  determined  by  these  methods, 
may  then  range  from  800  to  1100  lb.  per  sq.  in.  for  the  stone  used 
in  1905  and  from  1100  to  1300  lb.  per  sq.  in.  for  the  stone  used  in 
1906,  both  for  1-3-6  mixtures.  For  the  1-2-4  mixture  with  the 
stone  used  in  1906,  the  range  is  from  1250  to  1400  lb.  per  sq.  in. 
These  agree  fairly  well  with  the  results  obtained  at  the  Massa- 
chusetts Institute  of  Technology  in  1905.  The  reinforced  recessed 
blocks  of  Table  17  give  averages  of  1768  and  2145  lb.,  so  that 
the  shearing  strength  may  be  higher  than  the  results  given  above. 
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It  seems  evident  that  the  shearing  strength  is  far  greater 
than  the  tensile  strength  and  comparison  of  these  two  properties 
is  not  advisable.  It  does  not  seem  profitable  to  compare  shearing 
strength  with  compressive  strength,  since  the  former  is  more 
largely  influenced  by  the  strength  of  the  stone  and  the  latter  by 
the  strength  of  the  mortar.  The  tests  made  with  the  recessed 
blocks,  the  reinforced  recessed  blocks,  and  the  restrained  beam 
test  specimens  indicate  that  the  shearing  strength  is  at  least  50% 
as  much  as  the  compressive  strength,  except  that  the  high  results 
of  the  1906  concrete  cube  tests  bring  some  of  the  figures  below  this. 
These  cube  tests  are  much  higher  than  any  other  of  the  same 
mixture  made  in  the  laboratory.  Compaiison  with  other  cube 
tests  and  with  the  cylinders  indicates  that  shearing  strength  may 
run  well  up  toward  compressive  strength.  A  range  which  is 
thought  to  cover  much  of  the  concrete  used  is  50%  to  75%.  This 
conclusion  would  not  disagree  with  the  Massachusetts  Institute 
tests  nor  with  the  conclusions  of  Feret. 

Summary. — The  following  summary  is  offered: 

1.  It  is  difficult  to  devise  a  form  of  test  specimen  and  a  method 
of  testing  which  will  satisfactorily  determine  the  resistance  of 
concrete  to  shear.  The  difficulties  lie  in  the  inability  to  secure 
an  even  distribution  of  the  shear  over  the  shear  section,  in  the 
high  cutting  and  bearing  stresses  developed,  and  in  the  complica- 
tions formed  by  the  compressive,  tensile,  and  bulging  and  bursting 
stresses  developed.  The  forms  of  test  specimen  here  used  are  not 
fully  satisfactory,  but  information  concerning  the  shearing  resis- 
tance of  concrete  may  be  drawn  from  the  tests  as  a  whole,  and  ten- 
tative values  selected.  A  test  specimen  in  the  form  of  a  beam  and 
in  which  the  load  is  applied  evenly  over  the  depth  of  the  beam  in- 
stead of  on  the  top  is  suggested. 

2.  The  resistance  of  concrete  to  shear  is  dependent  upon  the 
strength  of  the  stone  as  well  as  upon  the  strength  of  the  mortar, 
and  for  the  richer  mixtures  the  strength  of  the*  stone  probably 
exercises  the  greater  influence.  With  hard  limestone  and  1-3  6 
concrete  60  days  old  the  shearing  strength  may  be  expected  to 
reach  1100  lb.  per  sq.  in.,  and  with  the  1-2-4  mixture  1300  lb.  per 
sq.  in.  It  seems  very  probable  that  the '  resistance  to  simple 
shear  is  considerably  higher  than  this,  and  that  tests  made  with 
the  load  applied  evenly  over  the  shearing  section  will  verify  this. 
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3.  Since  the  compressive  strength  of  concrete  is  influenced 
largely  by  the  strength  of  the  cement  and  the  shearing  strength 
is  much  more  influenced  by  the  strength  of  the  aggregate,  it  does 
not  seem  proper  to  express  the  shearing  strength  in  terms  of  the 
compressive  strength.  However,  this  is  frequently  done  and  is 
of  advantage  in  gaining  a  conception  of  their  relative  action.  It 
appears  that  the  shearing  strength  is,  in  general,  at  least  50  % 
of  the  compressive  strength,  and  that  it  may  exceed  75  %. 
The  apparent  exception  to  this  is  explained  by  the  high 
values  obtained  in  the  1906  compression  tests.  These  conclusions 
agree  in  a  general  way  with  the  statement  of  Peret  and  others 
that  the  shearing  strength  is  as  much  as  two-thirds  of  the  com- 
pressive strength.  Evidently  the  shearing  strength  of  concrete 
is  several  times  its  tensile  strength. 


II.     BOND. 

The  tests  of  bond  between  steel  and  concrete,  or  tests  of  the 
resistance  to  a  pulling  force  on  the  bars,  were  made  in  the  manner 
usually  followed  in  such  tests.  The  concrete  test  piece  was  made 
small  and  short.  The  tests  include  the  bond  resistance  of  rods 
having  smooth  surface  and  uniform  section,  like  cold  rolled  shaft- 
ing, the  effect  of  richness  of  concrete  and  of  the  depth  the  bar  -is 
embedded,  and  the  resistance  of  flat  bars.  The  work  was  done 
by  Todd  Kirk,  a  civil  engineering  student.  Mr.  Kirk  had  the  mis- 
fortune to  have  the  test  specimens  he  made  in  1905  injured  in  the 
accident  mentioned  in  Bulletin  No.  4.  The  experience  gained 
gives  greater  reliability  to  the  1906  tests. 

Materials. — The  broken  stone,  sand  and  cement  used  were  the 
same  as  hereinbefore  described  for  the  1906  shear  tests.  Four 
different  kinds  of  steel  were  used:  i-in.  and  t-in.  round  mild  steel 
rods  having  an  elastic  limit  of  about  38  000  lb.  per  sq.  in. ;  2 -in  and 
1-in.  cold  rolled  shafting  having  an  elastic  limit  of  .about  87  000  lb. 
per  sq.  in.;  f-in.  round  tool  steel  having  an  elastic  limit  of  about 
53  000  lb.  per  sq.  in.;  xVXli  in.  flat  bars  with  an  elastic  limit  of 
about  45  000  lb.  per  sq.  in. 
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TABLE  21. 
Bond  Between  Steel  and  Concrete. 
1904  Tests. 


6 

+3 

T3 
O 

o 

.So 

.  '-3 

03 

a 

<D 

^^ 

ce 

j3et-( 

H 

g 

< 

.5^ 

CO  o 

p^ 

1 

i-in.  Johnson 

14990 

.20 

74950 

625 

60000 

Concrete  split. 

2 

u 

14210 

" 

71050 

593 

u 

1 1      11 

3 

11       * 

12605 

a 

63000 

525 

u 

11      11 

27 

15335 

u 

76650 

639 

u 

Cylinder  broke. 

4 

f-in.  Johnson 

17175 

..365 

47050 

573 

58300 

Concrete  split. 

30 

11755 

u 

32200 

392 

u 

11      11 

26 

" 

13975 

li 

38300 

466 

(1 

11      It 

5 

«'      * 

16.860 

u 

44800 

545 

u 

11      (( 

31 

I.      * 

9515 

a 

26050 

317 

(( 

11      ii 

32 

u         * 

8960 

i> 

24500 

298 

u 

'  11      11 

29 

'•       * 

10435 

u 

28600 

348 

11 

11      11 

33 

l-in.  square 

4780 

.16 

29900 

250 

45000 

Eod  slipped. 

34 

u 

6850 

a 

42800 

357 

u 

13 

u 

5850 

u 

36550 

305 

1 1 

35 

"       * 

6810  • 

u 

42600 

357 

1  i 

36 

u         * 

6910 

(( 

43200 

360 

ii. 

18 

u        -x- 

4100 

(C 

25600 

214 

u 

14 

'<       * 

5560 

<( 

34700 

290 

i  1 

8 

l-in.  square 

11600 

.56 

20620 

322 

35000 

9 

1 1 

11850 

u 

21100 

329 

11 

10 

i-in.  square 

7910 

.27 

29320 

317 

33300 

15 

" 

6400 

u 

23700 

256 

11 

11 

f-in.  round 

3255 

.11 

28800 

228 

42500 

12 

u 

3860 

u 

34200 

270 

11 

16 

f-in.  square  t 

6905 

.16 

43150 

180 

45000 

17 

t 

6690 

u 

41800 

174 

11 

21 

( ( 

4785 

l( 

29930 

249 

11 

22 

(1 

6000 

u 

37500 

312 

11 

23 

u 

4580 

u 

28640 

239 

11 

28 

(1 

6540 

11 

40800 

340 

II 

( I 

7 

i-in.  round 

7000 

.452 

15500 

245 

40500 

6 

( 1 

11000 

u 

27500 

386 

1 1 

*  Struck  6  quarter-swing  blows  with  a  10-lb.  sledge. 
t  Embedded  for  a  leugth  of  24  in. 
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Test  Pieces. — Two  forms  of  test  piece  were  used,  one  a  cylinder 
6  inches  in  diameter  and  6  inches  long,  and  the  other  6  inches  in 
diameter  and  12  inches  long.  In  Fig.  9  one  of  the  vertical  pieces 
is  a  bond  test  piece.  The  bars  were  embedded  the  full  length  of 
the  cylinders,  one  end  being  left  flush  with  an  end  of  the  cylinder 
and  the  other  end  projecting  far  enough  to  furnish  a  grip  for 
the  pulling  head  of  the  testing  machine.  The  6-in.  length  of 
encasement  was  used  to  make  sure  that  the  stress  in  the  steel 
would  be  far  below  the  elastic  limit.  It  was  planned  that  the 
stress  in  the  steel  in  the  12-in.  encasement  should  closely  approach 
the  elastic  limit.  In  order  to  determine  the  effect  of  the  quality 
of  concrete,  two  mixtures,  1  cement-  3  sand-  5i^  stone,  and  1 
cement-  2  sand-  4  stone  were  used,  all  by  loose  measure.  The 
1905  tests  were  with  a  1-3-6  mixture. 

TABLE  22. 

Bond  Tests. 

Plain  Round  Rods. 

l-3-5i  Concrete. 


Stress  Developed 

CD 

4^  m 

la" 

CO 

B  ^  ^ 

•-H  o  3 

2.2 '^ 

Jb.  per  sq. 

in. 

"5° 

;3  ^H  O 

Bond 

Running- 

Triction 

In 

Steel 

1 

i 

6 

9.42 

3400 

1850 

360 

196 

17300 

2 

i 

6 

9.42 

3360 

1900 

356 

201 

17100 

3 

i 

6 

9.42 

3510 

1950 

.372 

207 

17900 

4 

i 

6 

9.42 

3355 

2000 

377 

212 

18100 

5 

i 

6 

9.42 

3640 

2150 

386 

228 

18500 

6 

i 

6 

9.42 

3530 

2050 

375 

218 

18000 

7 

f 

6 

11.77 

4300 

3000 

365 

258 

14000 

8 

f 

6 

11.77 

4195 

2600 

358 

221 

13650 

9 

f 

6 

11.77 

4250 

2500 

361 

212 

13850 

10 

1- 

6 

11.77 

4150 

2650 

352 

225 

13520 

11 

f 

6 

11.77 

4075 

2500 

346 

212 

13300 

12 

f 

6 

11.77 

4050 

2950 

342 

251 

13200 

16 

i 

12 

18.84 

71.30 

5400 

378 

286 

36400 

17 

i 

12 

18.84 

7475 

5300 

397 

281 

38100 

18 

i 

12 

18.84 

6500 

4500 

345 

239 

33100 

19 

f 

12 

23.54 

10000 

5500 

425 

234 

32700 

20 

f 

12 

23.54 

9500 

6000 

404 

255 

30950 

21 

-1 

12 

23.54 

8875 

5000 

377 

212 

28950 
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Method  of  Testing  and  Age  of  Test  Specimen. — The  free  end  of  the 
bar  to  be  tested  was  run  through  the  movable  head  and  held  in  the 
upper  grips  of  the  testing  machine.  The  load  was  then  applied 
with  the  movable  head.  In  order  that  the  pressure  on  the  con- 
crete might  be  uniformly  distributed,  a  bearing  plate  bedded  in 
plaster  of  paris  was  placed  between  the  concrete  and  the  movable 
head  of  the  machine,  the  plaster  of  paris  being  allowed  to  set 
under  a  small  load.  The  age  of  test  piece  when  tested  was  60 
days. 


TABLE  23. 

Bond  Tests. 
Plain  Eotjnd  Rods. 
1-2-4  Concrete. 


Stress  Developed 

TiJ^ 

c 

— '  4^ 

s  ^ 

^a  m 

]b.  per  sq 

in. 

if 

5'" 

Encasei 
Lengtl 
inclies 

Surface 
Contac 
sq.  in. 

Maximu 

Load 

poundi 

Runnir 

Frictio 

pound 

u 

T3 
O 

Run- 
ning 
Fric- 
tion 

C  1^ 

42 

i 

6 

9.42 

4000 

2470 

425 

263 

20400 

43 

i 

6 

9.42 

4490 

2600 

477 

276 

22900 

44 

i 

6 

9.42 

4060 

2400 

428 

254 

20600 

45 

i 

6 

9.42 

3840 

1900 

408 

202 

19600 

46 

\ 

6 

9.42 

3650 

1700 

388 

181 

18600 

47 

i 

6 

9.42 

3340 

1740 

355 

184 

17000 

34 

f 

6 

11.77 

5580 

3400 

475 

289 

18200 

35 

1 

6 

11.77 

5510 

3390 

468 

288 

18000 

36 

f 

6 

11.77 

5260 

3600 

448 

.306 

17150 

37 

t 

6 

11.77 

5530 

3550 

471 

302 

18000 

13 

i 

12 

18.84 

8200 

5500 

436 

292 

41800 

14 

i 

12 

18.84 

6820 

5200 

362 

276 

34800 

38 

i 

12 

18.84 

7500 

4500 

398 

239 

24400 

39 

i 

12 

18.84 

7900 

4730 

418 

251 

25700 

15 

f 

12 

23.54 

11200 

7500 

476 

318 

36500 

40 

f 

12 

23.54 

9040 

4740 

384 

202 

29450 

41 

f 

12 

23.54 

9000 

4000 

■382 

170 

29350 
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190 Jf  Tests. — Table  21  is  reprinted  from  Bulletin  No.  1  and 
gives  the  results  of  bond  tests  made  by  Mr.  Davis  in  1904.  The 
concrete  used  was  a  1-3-6  mixture.  In  making  comparisons  the 
values  with  rods  embedded  more  than  12  inches  should  not  be 
used,  since  there  is  evidently  an  uneven  distribution  of  bond  stress 
over  the  length  of  the  bar. 

1905  and  1906  Tests.— Tables  22,  23  and  24  give  the  results  of 
Mr.  Kirk's  tests.     In  Table  25  the  results  are  summarized. 

EesuUs. — The  condition  of  the  concrete  caused  by  the  method 
of  testing  bond  resistance  here  used,  may  be  considered  to  differ 
from  the  condition  of  the  concrete  in  a  beam  when  bond  stress  is 
developed.  In  these  tests  the  concrete  specimen  is  subjected  to 
compression,  and  this  compression  produces  lateral  expansion; 
this  lateral  expansion  may  increase  the  pressure  on  the  surface  of 

TABLE  24. 

Bond  Tests.* 

Yarious  Types  of  Baks. 


ol 

li 

c3 

^  _: 

P  rf  C 

G'3  P 

M       CO 

m°CQ| 

3 
CO 

.:z  o  IIS 
^^-5  2 

Run 

Fric 
poL 

<< 

Stress  Developed 
lb.  per  sq.  in. 


T3 

C 

Jh 

'2f  6  c 

o 

147 

154 

141 

143 

80 

117 

53 

150 

67 

151 

58 

170 

48 

147 

43 

111 

71 

126 

83 

138 

98 

18 
19 
20 

22 
23 
24 

25 
26 

27 


29 
30 


Tool 
steel 


Cold 

rolled 

shafting 


do. 


Mild 

steel 


I  round 
I  round 
t  round 

1  round 


round 


xli 


1-3-6 
1-3-6 
i-3-6 

l-3-5i 


14.13 
14.13 
14.13 

18.84 
18.84 
18.84 

9.42 
9.14 
9.42 

20.25 
20.25 
20.25 


2060 
2180 
1993 

2700 
2200 

2810 

1425 
1610 
1395 

2260 
2550 

2800 


1500 
1000 
1270 

550 
450 
400 

1440 
1700 
2000 


4650 
4940 
4510 

3440 
2800 
3580 

7250 
8220 
7130 

8050 
9070 
9960 


*  In  these  tests  the  steel  was  encased  to  a  length  of  6  inches. 


TALBOT — TESTS  OF  CONCRETE 


31 


the  steel  and  thus  increase  the  resistance.  On  the  other  hand  the 
low  compressive  stress  developed,  a  maximum  of  500  lb.  per  sq. 
in.  at  the  top  and  0  at  the  bottom,  indicates  that  the  effect  of  this 
can  not  be  large. 

TABLE  25. 

SUMMAKY  OF  BOND  TESTS. 
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7605 

404 

4982 

266 

65.5 

3 

do. 

f 

l-3-5i 

12 

23.54 

9458 

402 

5366 

228 

56.8 

3 

do. 
Cold 

f 

1-2-4 

12 

23.54 

9736 

414 

5284 

223 

54.0 

3 

rolled 
shafting 

1 

l-3-5i 

6 

18.84 

2570 

136 

1256 

67 

49.2 

3 

do. 

i 

l-3-5i 

6 

9.42 

1476 

157 

466 

50 

31.8 

3 

Mild 

steel 

Bound 

f\xli 

l-3-5i 

6 

20.25 

2536 

125 

1713 

84 

67.1 

3 

tool 

f 

1-3-6 

6 

14.13 

2077 

147 

steel 
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The  following  is  given  as  an  interpretation  of  the  results  of 
the  tests: 

1.  Little  difference  is  found  in  the  bond  resistance  per  square 
inch  of  surface  of  bar  in  contact  with  the  concrete  whether  the 
bar  is  embedded  6  inches  or  12  inches.  Evidently  a  length  may 
be  found  beyond  which  the  stretch  of  the  steel  would  cause  un- 
even distribution  of  the  bond  stress  along  the  length  of  the  bar 
and  cause  failure  to  begin  at  the  point  of  greatest  stress  in  the 
steel  and  thus  give  results  not  representative  of  the  real  bond  re- 
sistance. This  limitation  applies  to  length  for  use  in  experimental 
tests  of  bond.  In  simple  beams  the  bond  stresses  are  applied 
along  the  length  of  the  bar,  and  stretch  and  bond  exist  together. 

2.  The  richer  mixture  of  concrete  gives  somewhat  higher 
bond  resistance  than  the  leaner — the  values  for  the  1-2-4  concrete 
averaging,  say,  10%  to  15%  higher  than  the  1-3-52  concrete.  For 
plain  round  mild  steel  rods,  the  average  for  the  bond  resistance 
ranges  from  350  to  450  lb.  per  sq.  in.  of  contact  surface. 

3.  The  flat  bars  gave  much  lower  resistance  than  round  bars. 
Only  three  tests  were  made  with  flat  bars,  and  these  may  not  be 
representative.  It  may  be  noted  that  the  results  with  flat  bars 
are  much  lower  than  tests  made  elsewhere.  It  should  also  be 
noted  that  for  a  bond  stress  of  125  lb.  per  sq.  in. ,  the  tensile  stress 
developed  in  the  bar  was  only  9000  lb.  per  sq.  in. 

4.  The  value  of  bond  resistance  will  depend  upon  the  smooth- 
ness of  the  surface  of  the  bar,  the  uniformity  of  its  diameter  and 
section,  the  adhesive  strength  of  the  concrete,  and  the  shrinkage 
grip  developed  in  setting.  The  effect  of  smoothness  of  surface 
and  uniformity  of  diameter  and  section  is  seen  in  the  tests  made 
with  cold  rolled  shafting  and  tool  steel.  The  average  bond  de- 
veloped with  cold  rolled  shafting  and  tool  steel  was  147  lb.  per 
sq.  in.  of  contact  surface,  as  compared  with  about  400  lb.  per  sq. 
in.  for  ordinary  plain,  round,  mild  steel  rods.  It  should  be  stated 
that  not  only  was  there  a  very  noticeable  difference  in  the  smooth- 
ness and  finish  of  the  surface  of  the  rods,  but  the  section  of  the 
cold  rolled  shafting  and  tool  steel  was  very  uniform,  the  diameter 
not  varying  more  than  .0001  or  .0002  in.  at  i-in.  intervals  through- 
out the  length,  while  mild  steel  rods  will  vary  as  much  as  .0015  in. 
It  is  to  be  expected  that  the  smoothness  and  uniformity  of  section 
of  drawn  steel  wire  will  operate  to  give  low  values  of  bond  resis- 
tance, though,  of  course,  as  the  section  of  wire  is  small  compared 
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with  the  circumference,  the  bond  stresses  developed  when  wire  is 
used  are  relatively  small.  Attention  is  called  to  the  fact  that  in 
the  reinforced  concrete  beams  described  in  Bulletin  No.  4  the 
bond  stresses  developed  in  beams  failing  by  tension  of  the  steel, 
diagonal  tension  of  the  concrete  or  other  similar  methods  amount- 
ed to  from  73  to  193  lb.  per  sq  in.  Even  at  the  breaking  load, 
then,  the  bond  stress  developed  in  the  mild  steel  rods  was  far  be- 
low the  bond  resistance  found  in  these  tests. 

5.  In  these  tests  the  bars  began  to  slip  when  the  maximum 
load  was  reached.  After  slipping  began,  the  resistance  to  motion 
was  still  considerable.  This  running  friction,  taken  when  the  bar 
had  moved  about  i  in.,  amounted  to  54%  to  72%  of  the  bond  de- 
veloped in  the  case  of  mild  steel  bars  and  to  32%  to  49%  in  the 
case  of  the  cold  rolled  shafting. 
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Introduction 

The  decimal  system  of  classification  was  devised  and  elabor- 
ated by  Mr.  Melvil  Dewey,  formerly  director  of  the  New  York 
State  Library.  This  system  was  intended  primarily  for  the  use  of 
librarians  in  the  classification  and  arrangement  of  books  and 
pamphlets,  but  it  was  soon  found  that  the  system  furnished  also 
a  simple  and  effective  means  of  classifying,  indexing  and  filing 
literary  matter  of  all  kinds.  Engineers  have  found  it  useful  for 
indexing  technical  data  and  information,  catalogs,  reports,  card 
systems,  drawings,  etc.,  and  it  has  been  found  equally  useful  by 
manufacturing  and  business  concerns. 

Recognizing  the  value  of  the  decimal  system  as  a  means  of 
classifying  and  indexing  technical  literature,  the  department  of 
mechanical  engineering  of  the  University  of  Illinois  prepared 
several  years  ago  an  extension  of  that  part  of  the  Dewey  classifi- 
cation which  relates  to  mechanical  engineering.  The  first  edition 
was  a  small  pamphlet  of  six  pages.  The  demand  for  the  extension 
was  so  great  that  within  a  year  a  second  edition  was  printed,  and 
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this  has  been  followed  by  the  third  and  fourth  editions.  In  each 
successive  edition  the  extension  has  been  carried  somewhat  fur- 
ther, and  such  slight  changes  and  modifications  have  been  made 
as  would  add  to  the  clearness  and  consistency  of  the  system  as  a 
whole.  In  the  third  edition  was  incorporated  with  slight  modifi- 
cations the  extensions  for  railroads  and  railroad  engineering 
adopted  by  the  International  Railway  Congress. 

In  this  bulletin  are  included  the  extensions  to  mechanical 
and  railway  engineering  already  worked  out;  an  extension  for 
electrical  engineering  made  by  Mr.  J.  M.  Bryant  of  the  electrical 
engineering  department;  and  more  or  less  complete  extensions 
for  other  branches  of  engineering.  The  whole  will  be,  it  is  hoped, 
a  self-contained  classification  which  will  cover  with  fair  com- 
pleteness the  entire  ground  of  engineering  industry. 

Explanation  of  the  Decimal  System 

The  essential  characteristic  of  the  Dewey  system  is  its  meth- 
od of  division  and  sub-division.  The  entire  field  of  knowledge  is 
divided  into  nine  chief  classes  numbered  by  the  digits  from  1  to  9. 
Matter  of  too  general  a  nature  to  be  included  in  any  of  these 
classes  is  put  into  a  tenth  class  and  indicated  by  0.  The  follow- 
ing are  the  primary  classes  of  the  Dewey  system : 

0  General  Works 

1  Philosophy 

2  Religion 

3  Sociology 

4  Philology 

5  Natural  Science 

6  Useful  Arts 
8  Fine  Arts 

8  Literature 

9  History 

Each  of  these  classes  is  again  divided  into  nine  divisions,  with 
a  tenth  division  for  general  matter,  and  each  division  is  separated 
into  nine  sections.  The  sections  are  again  sub-divided  and  the 
process  may  be  carried  as  far  as  desired. 

To  show  clearly  the  working  of  the  system  the  divisions  of 
class  6  (useful  arts)  and  the  sections  of  division  2  of  this  class 
(engineering)  are  given. 


620 

Engineering 

621 

Mechanical 

622 

Mining 

623 

Military 

624 

Bridge  and  Roof 

625 

Road  and  Railroad 

626 

Canal 

627 

River  and  Harbor 

628 

Sanitary :    Water  Works 

629 

Other  Branches 
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600  Useful  Arts 

610  Medicine 

620  Engineering 

630  Agriculture 

640  Domestic  Economy 

650  Communication  and 

Commerce 

660  Chemical  Technology 

670  Manufactures 

680  Mechanic  Trades 

690  Building 

It  will  be  seen  that  the  first  digit  gives  the  class;  the  second, 
the  division;  and  the  third,  the  section.  Thus  625  indicates 
section  5  (railroad  engineering)  of  division  2  (engineering)  of 
class  6  (useful  arts).  For  convenience  a  decimal  point  is 
inserted  after  the  section  digit.  Further  sub-division  is  indicated 
by  digits  following  the  decimal  point.  For  example  625.2  is  the 
number  indicating  rolling  stock;  625.23  passenger  cars;  625.24 
freight  cars,  etc. 

Relative  Index 

Following  the  classification  is  the  relative  index,  in  which 
the  items  of  the  classification  are  arranged  alphabetically,  each 
with  its  proper  class  number.  The  index  is  necessarily  incom- 
plete, as  it  is  manifestly  impossible  to  include  every  subject  that 
might  arise  in  engineering  practice. 

In  a  highly  specialized  industry,  as  for  example,  the  electri- 
cal industry,  there  are  thousands  of  technical  terms  indicative  of 
materials  and  processes  and  to  include  these  would  alone  require 
a  volume.  It  is  believed  that  the  index  is  sufiiciently  complete 
that  the  user  may  without  difiiculty  assign  the  proper  number 
to  almost  any  topic  that  may  arise. 

In  some  cases,  the  same  item  has  two  numbers.  For  example, 
"Telephones"  has  the  numbers  537.82  and  654.6.  Reference  to 
the  classification  shows  that  the  former  number  is  used  when  the 
telephone  is  considered  as  an  application  of  the  electric  current, 
while  the  latter  is  used  when  the  telephone  is  looked  upon  as  a 
means  of  communication.  In  any  case,  reference  to  the  classifi- 
cation will  show  which  number  is  appropriate  to  the  item  under 
consideration. 
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Uses  and  Advantages  of  the  Classification  and  Index 

The  decimal  classification  may  be  used  to  advantage  in  the 
indexing  and  filing  of  notes  and  memoranda,  clippings,  general 
information,  articles  in  technical  journals,  drawings,  catalogs  or 
.books.  For  this  purpose,  the  decimal  system  possesses  certain 
important  advantages  over  the  alphabetical  system. 

(1)  It  groups  allied  subjects.  For  example,  suppose  the 
alphabetical  arrangement  to  be  applied  to  a  case  of  catalogs. 
The  catalogs  of  the  various  machine  tools,  as  planers,  lathes, 
drills,  hammers,  etc.,  v^ould  be  scattered  throughout  the  case. 
With  the  decimal  system,  on  the  other  hand,  all  these  catalogs 
would  be  grouped  together  under  the  class  number  621.9. 

(2)  Unless  an  elaborate  system  of  cross  reference  is  used, 
the  alphabetical  scheme  is  ambiguous;  in  many  cases  there  is 
doubt  as  to  what  letter  should  be  given  a  subject.  For  example, 
take  the  item  "Automatic  pneumatic  block  signals."  This  might 
almost  equally  well  be  indexed  under  A,  P,  B  or  S.  With  the 
decimal  system  this  item  has  its  one  number  656.256.4. 

(3)  The  decimal  system  has  the  advantage  of  flexibility  and 
an  indefinite  capacity  for  extension.  Fortheindexingof  books  and 
catalogs  only  the  main  division  and  sections  will,  in  general,  be 
found  necessary;  but  for  card  indexes  of  technical  literature  the 
most  minute  subdivisions  must  ordinarily  be  used.  In  individual 
cases,  the  user  may  find  that  still  further  division  is  required. 
An  extension  may  then  be  made  by  adding  another  decimal  place, 
and  if  still  further  subdivision  is  required  still  another  digit  may 
be  used. 

The  average  engineer,  for  example,  can  easily  index  all 
matter  relating  to  traveling  cranes  under  the  single  class  number 
621.872.  The  designer  or  builder  of  cranes  may,  however,  have  so 
much  matter  relating  to  this  special  subject  that  further  sub- 
division is  needed.  By  the  addition  of  a  digit,  this  matter  may 
be  divided  into  nine  groups  designated  by  621.872.1, 621.872.2,  etc. ; 
and,  if  necessary,  each  of  these  may  be  divided  into  nine  new 
groups. 

The  effectiveness  of  the  Dewey  system  has  been  severely 
tested  in  the  Engineering  College  of  the  University.  The 
mechanical  engineering  department  has  a  card  index  of  current 
periodical  literature  which  now  contain  20,000  cards.      These  are 
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indexed  by  the  Dewey  system.  The  classification  is  first  made 
by  students,  and  is  then  revised  by  one  competent  person.  It 
seldom  occurs  that  there  is  any  doubt  as  to  the  proper  class  num- 
ber for  a  given  card.  For  the  guidance  of  those  who  may  wish  to 
use  the  classification  in  connection  with  a  card  index  a  sample 
card  is  shown  on  page  8.  The  class  number  621.63  serves  to 
locate  the  card  in  the  case  and  the  remaining  notes  in  the  margin 
indicate  the  periodical,  volume,  page  and  date.  Thus  the  article 
in  question  appeared  in  the  Proceedings  of  the  Institution 
of  Civil  Engineers,  Vol.  123,  page  272,  December,  1895;  it 
occupies  55  pages  and  has  81  illustrations. 

Blue  prints  received  from  manufacturers;  all  catalogs,  of 
which  there  is  a  large  number;  clippings,  photographs  and  illus- 
trative class  room  material ;  all  these  are  indexed  and  filed  by 
the  decimal  system.  In  every  case  the  system  has  been  found 
thoroughly  satisfactory. 

Variations  and  Modifications 

In  the  working  out  of  the   extension  of  the  various  subjects 
the  main  divisions  and  sections  as  published  by  Mr.  Dewey  have 
been  retained    unchanged.     It   cannot  be  denied  that  there  are 
many  glaring  inconsistencies  in  the    arrangement  of   engineering 
subjects.     For  example,  no    engineer  of   to-day  would   put  elec- 
trical   engineering   as    a  division  under  mechanical  engineering 
(621.3)  coordinate  with    blowing   and   pumping   engines  (621.6) ; 
nor  would   he   relegate  concrete  to  an  unimportant  place  under 
building  materials.     There  is  no  doubt  that  a  committee  of  com- 
petent engineers  could  vastly  improve  the  logical  arrangement  of 
the  class  numbers  for  engineering  subjects.     However,  the  system 
as  it  is,  with  its  faults,  has  been  in  use  several  years  and  has  be- 
come more  or  less  universal.     It  is  used  in  libraries  and  by  many 
business   concerns   and   individuals.     It  has  become  a  sort  of  a 
standard  like  the  Sellers  system  of  screw  threads.     For  this  rea- 
son alone,  radical  changes  would  be  inadvisable.     The  inexperi- 
enced user  will  be  likely  to  see  room  for  improvement  and  will  be 
tempted   to   make  changes   in  the  system  for  his  individual  use. 
Such  changes  can  only  lead  to  confusion.  It  is  far  better  to  accept 
the  system  merely  as  an  arbitrary  set  of   numbers  corresponding 
to  certain  topics  and  resolutely  dismiss  rigid  ideas  of  logical  se- 
quence and  consistency. 
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There  are  certain  permissible  modifications,  however,  which 
may  be  made  without  violating  the  integrity  of  the  system.  To 
avoid  the  writing  of  long  numbers  a  single  letter  may  be  used  for 
the  first  three  or  four  digits.  Thus  an  electrical  engineer  would 
naturally  have  most  of  his  material  under  621.3  (electrical  en- 
gineering), and  for  this  number  he  could  substitute  the  single 
letter  E.  Likewise,  a  railroad  man  might  use  R  for  625  (railroad 
engineering). 

Another  modification  consists  in  the  use  of  an  alphabetical 
arrangement  for  certain  sub-sections  combined  with  the  decimal 
arrangement  of  main  sections.  This  is  sometimes  useful  in 
minute  subdivisions.  For  example,  under  621.728,  material  and 
supplies  for  the  foundry,  these  various  materials  may  be  arranged 
in  alphabetical  order. 

The  use  of  form  divisions  is  a  modification  that  may  often  be 
employed  to  advantage.  There  are  certain  set  forms  that  are 
used  throughout  the  whole  range  of  the  Dewey  classification. 
These  are : 

01  Philosophy  or  theory 

02  Oompends,  text  books,  etc. 

03  Cyclopedias,  dictionaries 

04  Essays,  addresses 

05  Periodicals 

06  Societies 

07  Education,  teaching.    Schools,  colleges,  universities 

08  Tables,  calculations.     Miscellanies 

09  History.     Progress  and  development 

These  forms  may  be  further  extended;  thus : 

064    Exhibits,  etc.  (under  societies) 
072     Laboratories  (under  universities) 

Other  form  divisions  which  apply  particularly  to  engineering 
are  the  following: 

001  Statistics 

002  Quantities  and  costs 

003  Contracts  and  specifications 

004  Designs  and  drawings 

005  Executive 

006  Working  and  maintenance 
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007  Laws 

008  Patents 

009  Reports 

These  form  divisions  may  be  enclosed  in  parentheses  and  an- 
nexed directly  to  the  usual  class  number.  Thus  62(07)  indicates 
engineering  education;  621.32(09),  progress  of  electric  lighting; 
621.57(008),  patents  on  ice-making  machinery,  etc.  The  object 
of  this  parenthesis  separation  of  the  form  divisions  is  convenience 
in  cross-references.  For  example  if  one  is  interested  in  patents 
he  may  write  his  class  numbers  as  follows : 

(008)62     Patents  —  Engineering  ; 

(008)66     Patents  —  Chemical  technology 
(008)69     Patents  —  Building 

In  this  way  all  cards  on  patents  are  grouped  together. 
Other  modifications  will  suggest  themselves  to  the  user  as  he 
becomes  more  familiar  with  the  system. 
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pages p 

diagrams,  sketches,  etc d 

curves,  plots,  or  groups  of  same c 

illustrations,  photographs,  etc i 

tables  of  data,  etc t 

words w 

volume V 


TABLE      • 

OF 

CLASS  NUMBERS 


379  Education 

380  Commerce    Communication 

385  Railways  from   the  Economic  and  Financial  Point  of 

View 

.0 .         General  works 

(Compends,     Essays,     Periodicals,    Societies,    Reports,     Ststistnes, 
History) 

A  Railways  from  the  financial  point  of  view 

.2  Competition  of  railway  and  steamship  lines 

.3  State  control  of  railways 

♦4  Administrative  organization  of  railways 

♦5  Personnel 

(Relations  of  Railroads  to  employes,  etc.) 

.6  International  agreements  relative  to  raihoads 

♦7  Interstate  commerce  commission 

386  Canals  and  Highways  from  an  Economic  Aspect 

387  River  and  Ocean  Transportation 

388  Rapid  Transit  in  Cities 

389  Weights  and  Measures 

510        Mathematics 

511  Arithmetic         512   Algebra       513  .Geometry       514    Trigonometry 
515  Descriptive  Geometry  and  Projection      516  Analytical  Geometry 
517  Calculus      519  Probabilities 
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520  Astronomy 

530  Physics 

531  Mechanics 

.1  Pure  motion      Kinematics 

.2  Statics      Graphic  statics 

♦21  Force  and  its  measure 

(Traction  dynamometers,  weighing  scales,  etc.) 

.3  Dynamics      Kinetics 

.4  Work      Friction 

(Friction  brakes    Transmission  and  absorption  dynamometers) 

♦5  Gravity 

.6  Conservation  of  energy 

.7 

»8  Machines      Transmission  of  force 

.9  Tables      Problems      Questions 

532  Liquids      Hydrostatics      Hydraulics 

.5  Liquids  in  Motion      Flow  in  pipes,  channels,  etc. 

533  Gases      Pneumatics 

A  Properties  of  gases  and  vapors 

.2  Laws  of  compressibility 

.3  Atmosphere 

♦6  Aeronautics 

.7  Kinetic  theory  of  gases 

534  Sound      Acoustics 

535  Light      Optics 

536  Heat 

4  Theory      Nature 

,2  Communication 

.3  Action  of  bodies  on  heat 

(Reflection,  refraction,  radiation,  absorption 
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536.4  Effects    Action  of  heat  on  bodies 

.46  Combustion 

.5  Temperature       Measurement  of,  etc. 

.51  Thermometry 

.52  Pyrometry 

•53  Electric  methods  of  measuring 

♦6  Calorimetry 

.7  Thermodynamics 

,71  The  perfect  gases 

.72  The  vapors 

.73  Thermodynamics  of  the  steam  engine  and  other 

heat  motors 

.74  Flow  of  fluids 

.8  Applications 

.9  Tables      Problems      Questions 

537  Electricity 

A  Theory       Nature 

.2  Statical 

.3 

.4  Atmospheric      Lightning  rods 

.5  Dynamical 

.6  Electrodynamics 

.7  Electrical  measurements 

.8  Applications       (See  621.3  etc.) 

.81     ■       Telegraph     (See  654) 

.82  Telephone       Microphone     (See  631.35) 

.83  Dynamos       Electric  lighting     (See  621.31) 

.84  Transmission  of  power       Storage     (See  621.34) 

.85 .  Electro-metallurgy 

.86  Galvanometers 

.87  Medicine 

.88  Electric  signals 

538  Magnetism 
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539  Molecular  Physics 

A  Theory       Molecular  structttre 

.2  Properties  of  solids 

♦3  Elasticity       Torsion 

♦4  Strength  of  materials 

(See  also  620.1.     General  theory  should  go  under  539.4;  tests  and 
results  of  tests,  under  620.1) 

540  Chemistry 

549  Mineralogy 

550  Geology 

553  Economic  Geology 

A  Ore  deposits 

.2  Carbon  series 

.21  Peat 

.22  Lignite  and  jet 

.23  Cannel  coal       Bituminous  shale 

.24  Bituminous  and  semi-bituminous  coals 

.25  Anthracite  and  graphitic  anthracite  coals 

.28  Petroleum       Natural  gas 

.3  Ores  of  iron 

.4  Ores  of  metals  other  than  iron 

♦5  Bdlding  stones 

.51  Marbles  and  limestones 

.52  Granites  and  syentes 

.53  Sandstones 

.54  Slates 

.57  Trap 

♦6  Earthy  economic  materials 

.61  Fire  and  brick  clays 

.62  Sands 

.65  Emery 

.68  Limes  and  mineral  cement 
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620        Engineering 

62(001)  Statistics 

62(002)  Quantities,  costs,  etc. 

62(07)  Engineering  education 

{  See  form  division  p.  6  ) 

620.1  Strength  of  materials 

.11  General  theory 

.12  Testing  of  iron,  steel,  etc.     Testing  machines 

.121  Properties  of  metals;   magnetic,  electric,  etc.     Influence  of 

temperature 
.122 

.123  Elastic  limit      Deformation       Fatigue 

.124  Testing  in  tension,  compression,  tension,  flexure,  shear 

.125  Impact  tests 

.126  Hardness  and  brittleness  of  material 
.127 

.128  Collapsing  and  bursting    Sheets  and  plates      Springs 

.5  Collapsing  of  tubes 

.6  Strength  of  springs 

.8  Sheets  and  plates;  blisters,  laminations,  etc. 
.129 

.13  Properties  and  tests  of  stone,  concrete,  cement,  etc. 

621  Mechanical  Engineering 

(The  same  form  divisions  apply  to  621  as  to  62  above) 

A  Steam  engineering 

.10  Power  plants       Central  stations 

.101  Reciprocating  engine  plants 

.102  Steam  turbine  plants 

.11  Mechanism  of   steam    engine       Design  of   engine 

parts 

.111  Reciprocating  parts      Counterbalancing 

.112  Shafts  and  journals      Bearings 

.113  Fly-wheels 

.114  Cylinder,  bed,  etc. 

.115  Governors 

.116  Valves  and  valve  gears 

(See  also  621.84.  Under  621.116  put  matter  on  the  design  and  con- 
struction of  steam  engine  valves;  under  621.84  the  Kinematic 
analysis  of  valve  mechanisms) 

.119  Miscellaneous  devices       OiUng  devices,  safety  attachments, 

etc. 
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621.12  Marine  engines  and  ship  propulsion 

.13  Locomotives 

.131  Theory  of  the  locomotive 

.1  Adhesion       Tractive  force      Horsepower 

.2 

.3  Tests 

.132  Types  of  locomotives 

.133  Locomotive  boilers        Production  of  steam 

.1  Combustion      Fuels      Petroleum       Fuel  consumption 

.2  Grate  and  ash  pit      Firebox      Stays 

.3  Shell  and  tubes 

.4  Smokebox  and  stack 

.5  Exhaust  pipe 

.6  Dome  and  throttle 

.7  Boiler  feeding      Pumps,  injectors      Purification  of  water 
Scale  prevention 

.8  Miscellaneous  fittings      Gage  cocks,  safety  valves,  etc. 

.134  Engine  of  the  locomotive 

.1  Driving   mechanism       Cylinders,  pistons,    rods,    cranked 
axles,  etc. 

.2  Steam  distribution    Slide  valves 

.3  Special  types  of  valves  and  valve  gears 

.4  The    compound    principle        Distribution    in    compound 
locomotives 

.5  Lubrication  of  locomotive 

.135  Kunning  gear 

.1  Frames      Frame  plates      Transverse  bracing,  attachments 
to  boiler,  etc. 

.2  Wheels,  boxes,  and  axles        Disturbances      Counterbal- 
ancing 

.3  Suspension      Springs,  saddles,  equalizing  levers,  etc. 

.4  Trucks.     Bissell  trucks,  four-wheel  trucks,  etc. 

.5  Locomotive  brakes 

.136  Tenders 

,1  Design  of,  weight  of,  brakes,  etc. 

.2  Coupling  arrangements 

.3  Taking  water  without  stopping;  track  tanks;  water  scoops 

.137  Management    of    locomotive        Engineer's    and    fireman's 

duties      Assignment  of  crews,  etc. 

.138  Maintenance  and  repair  of  locomotives 

.1  Round  houses 

.5  Locomotive  repair  shops 

.139  Supplies      Materials 

.14  Traction  engines  (agricultural,  road  roller,  etc.) 

.15  Portable  engines 
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621,16  Stationary  engines 

.161  Throttling  engines 

.162  Automatic  shaft  governor  engines 

.163  Releasing  gear  engines  (Corliss,  etc.) 

.164  Single  acting  engines  of  Westinghouse  or  Williams  type 

.165  Steam  turbines 

.1  Theory 

.11  Methods  of  calculation 

.12  Vanes  and  buckets 

.13  Guide  vanes  and  nozzles 

.14  Stresses  in  rotor  or  disc 

.15  Windage 

.2  Types 

.21  Velocity  turbines 

.22'  Pressure  turbines 

.23  Combined  velocity  and  pressure  turbines 

.3  Construction     Details  of  design 

(.31  Guide  vanes,  nozzles;  .32  vanes,  buckets;  .33  rotor,   discs;  .34 
bearings,  etc.;  .3.5  valves,  governors,  safety  devices;  .36  thrust 
balancing:  .37  mass  balancing;  .38  casing,  etc.) 
.166  Rotary  engines 

.167  Hoisting  engines,  hauling  engines,  dredge  engines,  and  other 

special  types 

.17  Steam  economy 

.171  ^     Instruments  and  apparatus  used  in  boiler  and  engine  tests. 

Indicators,  counters,  dynamometers,  gages,  etc. 
.172  Records  and  results  of  engine  tests.     Measurement  of  power; 

efficienc}^,  engine  friction,  etc. 
.173  Records     and    results    of     tests    on     miscellaneous     steam 

apparatus 
.174  Theory:     Expansion,    superheating,    cylinder  condensation, 

jacketing,  etc.  ( See  also  .536.73 ) 

.175  Condensers  and  cooling  towers 

.1  Surface  condensers  and  cooling  towers 

.2  Jet  condensers 

.3  Cooling  towers 

•176  Injectors  and  ejectors 

-177  Steam  separators 

•178  Accidents,    engine   failures,    fly-wheel   failures,    boiler    ex- 

plosions 
-179  Management  of  engines  and   boilers,    engine  rooms,  boiler 

rooms,  etc. 
.18  Steam  generation       Boilers       Furnaces 

-181  Steam  boilers  '        . 

.1  Ma)ine  steam  boilers 

•2  Locomotive,  traction,  and  portable  boilers 

.3  Stationary  internally  fired 

•4  Stationary  externally  fired 
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621.181.5  Stationary  water  tube  and  sectional  boilers 

.7  Boiler  plants      Descriptions  of,  or  designs  of 

.182  Fuels      Comparative  efficiency  of,  etc. 

.183  Boiler  fittings:     Safety   valves,   water    gages,    cocks,   man- 
holes, etc. 

.184  Furnace  fittings        Appliances  connected  with  combustion 
of  fuel 

.1  Mechanical  stokers 

.2  Forced  draft  apparatus 

.3  Chimneys 

.4  Smoke  consumption  and  prevention 

.5  Oil  feed  apparatus,  burners,  etc. 

.6  Coal  and  ash  conveyors 

.9  Miscellaneous  appliances 

.185  Construction  and  setting  of  boilers 

.1  Riveted  joints 

.2  Staying  and  bracing  of  boilers 

.3  Governing  proportions 

.4  Setting  and  hanging  of  boilers 

.186  Steam  transmission  and  distribution 

.1  Theory   of  flow   of  steam;     Condensation,    friction,    etc. 
( See  536.74) 

.2  Central  station  distribution 

Steam  fittings,    piping,    valves,    coverings,    traps,    steam-loops 
pressure  regulators,  packings,  etc. 

.187  Boiler  economy     Boiler  tests 

.1  Feed  water  heaters,  purifiers,  economizers,  etc 

,2  Inspection  of  boilers 

.3  Incrustation  and  corrosion 

.4  Wear  and  tear  of  boilers 

.19  Steam  heating                          (See 697) 

62  L2  Water  engines  or  motors 

General  theory  of  hydraulics.     (See  532) 

.21  Water  wlieels      Impulse 

.22  Overshot  and  breast  wheel 

.23  Undershot  wheel 

.24  Turbines 

.241  Outward  flow  turbines 

.242  Inward  flow  turbines 

.243  Downward  flow  turbines 

.25  Water  pressure  engines 

.26  Hydraulic  presses 

.27  Hydraulic  ram 


.28  Hydraulic  machinery 

Hydraulic  elevators,   hois 
hydraulic  devices  used  ii 

.29  Mill  dams,  sluices,  etc.  (See 627) 


Hydraulic  elevators,   hoists,   riveters,   forging  machines,  etc.    Also 
hydraulic  devices  used  in  steel  works  of  like  character. 
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6213  Electrical  Engineering 

♦31  Generation  of  electricity 

•  311  Central  stations 

.311(001)  Generalities,  statistics,  data,  etc. 

(002)  Economics,  costs,  current  prices,  etc. 

(003)  Specifications 

(004)  Designs,  drawings,  etc. 

(005)  Management 

(006)  Working  and  maintenance 

(0064)  Operation  and  running 

(0065)  Eegulation  and  control 
(0069)  Eepairs  and  renewal 

(007)  Testing  of  power  plants 

(008)  " 

•  311.1  General 

•2  Stations  for  lighting  only 

•  22  Steam  driven 

•  23  Hydraulic 

•  24  Gas  driven 

•  25  Composite 

•  3  Stations  for  railway  only 

•  32  Steam  driven 

•  33  Gas  driven 

•  34  Composite 

-•4  Stations  for  power  transmission 

•42  Steam  driven 

■  43  Hydraulic 

•  44  Gas  driven 

•  5  Combined  stations 
•52  Steam  driven 

•  53  Hydraulic 

•  54  Gas  driven 
.6  Substations 

•62  Transformer  substations 

•63  Converter  substations 

•64  Accumulator  substations 

•312  Dynamo  electric  machines 

(001)  General,  statistics,  data 

(002)  Costs 

(003)  Specifications  for  D.E.M. 

(004)  Designs,  drawings,  specifications 

(005)  Construction,  installation 

(0051)  General  details  and  parts 

(0052)  Electrical  details 

(00522)  Armature  windings 

(00523)  Field  windings 
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621.312(0053) 

Magnetic  details 

(00532) 

Armature  cores 

(00533) 

Field  cores 

(00534) 

Yokes 

(0054) 

General  details 

(00542) 

Frame,  bed  plate,  etc. 

(00543) 

Bearings 

(00544) 

Shafts,  pulleys,  etc. 

(006) 

Working,  regulation,  operation 

(0064) 

Operation,  running 

(0065) 

Faults,  diseases,  etc. 

(007) 

Tests  and  testing  work 

(008) 

Accessories 

(0082) 

Commutators 

(0083) 

Collector  rings 

^0084) 

Brushes 

(0085) 

Brush  holders 

.312.1 

Theory 

.2 

General  types  and  description 

.3 

Commutating  machines 

.31 

Theory 

.32 

General  types 

.33 

Continuous  current  generators 

.34 

Continuous  current  motors 

.342 

Constant  speed  motors 

.343 

Multispeed  motors 

.344 

Adjustable  speed  motors 

.345 

Varying  speed  motors     (railway  motors) 

.35 

Continuous  current  boosters 

.36 

Dynamotors 

.37 

Compensators  or  balancers 

.38 

Continuous  current  converters 

.4 

Synchronous  machines 

.41     . 

Theory 

.42 

General  types 

.43 

Alternating  current  generators 

.44 

Synchronous  motors 

.5 

Synchronous  commutating  ma<'hines 

.51 

Theory 

.52 

General  types    Description 

.53 

Synchronous  converters 

.54 

Phase  converters 

.55 

Frequency  changers 

.56 

Double  current  generators 

.57 

Motor  converters 

.6 

Asynchronous  machines 

.61 

Theory 

.62 
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621  312.63 

Induction  generators 

.64 

Induction  motors 

.65 

Series  alternating  current  motors 

.66 

Repulsion  motors 

.67 

Frequency  converters 

.68 

Phase  converters 

.7 

Homopolar  or  acyclic  machines 

.8 

Rectifying  apparatus,  pulsating  current  generators 

.313 

Stationary  induction  apparatus 

.1 

Theory 

.2 

General  types  and  description 

.3 

Transformers 

.31 

Constant  potential  transformers 

.82 

Constant  current  transformers 

.33 

Phase  changing  transformers 

.34 

Meter  transformers 

.4 

Auto  transformers 

.5 

Potential  regulators 

.51 

Compensator  potential  regulators 

.52 

Induction  potential  regulators 

.53 

Magneto  potential  regulators 

.6 

Reactors  or  choke  coils 

.7 

Induction  coils 

.314 

Electrostatic  apparatus 

.3 

Condensers 

.317 

Switchboards  and  control  devices 

.1 

General 

.2 

Panels 

.22 

Generator  panels 

.23    • 

Motor  panels 

.24 

Feeder  panels 

.25 

Transformer  panels 

.26 

Converter  panels 

.27 

Arc  light  panels 

.28 

Accumulator  panels 

.3 

Switches 

.31 

General 

.32 

Knife  switches 

.33 

Dial  switches 

.34 

Plug  switches 

.35 

Oil  switches 

.36 

Circuit  breakers 

.4 

Rheostats  and  control  devices 

,5 

Signal  devices 

.6 

Meters  and  indicating  devices 

.7 

Barriers  and  compartments 

.8 

Protective  devices  (fuses,  etc.) 
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62 1  ♦32  Electric  lighting 


321 

Illuinination 

.1 

General 

.2 

Interior  illumination 

.21 

Domestic 

.22 

Large  halls 

.23 

Theatre 

.24 

Shops,  warehouses,  drafting  rooms. 

etc. 

.3 

Exterior  illumination 

.32 

Streets 

.33 

Parks  and  open  places 

.4 

Decorative  illumination 

.44 

Electric  signs 

,322 

Arc  lamps 

.1 

General 

.2 

Continuous  current  open 

.3 

Continuous  current  enclosed 

.4 

Alternating  current  open 

.5 

Alternating  current  enclosed 

.6 

Flaming  arc 

.7 

Search  lights,  etc. 

.323 

Incandescent  lamps 

.1 

General 

.2 

Carbon  filament  lamps 

.21 

Metalized  filament 

.22 

Other  carbon  filaments 

.3 

Metal  filament  lamps 

.31 

Platinum  filaments 

.32 

Tantalum  filaments 

.33 

Tungsten  filaments 

.34 

Osmium  filaments 

.35 

Other  metal  filaments 

.4 

Glowers  of  other  materials 

.43 

Nernst  lamps 

.33 

Electric  traction 

,331 

Systems 

.2 

Trunk 

.3 

Internrban 

.4 

Street  railways 

.42 

Surface 

.43 

Elevated 

.44 

Subway 

.332 

Operation 

.2 

Accounting 

.3 

Dispatching 

.4 

Labor 
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621.334.5 

Management 

.333 

Koute 

,  .2 

Location 

.3 

Grade  and  sub-grade 

.4 

Track,  bonds,  etc. 

.5 

Maintenance 

.334 

Rolling  stock 

.2 

Cars  and  locomotives 

.21 

General 

.22 

.23 

Running  gear 

.232 

Braking 

.233 

Frames 

.234 

Suspension 

.236 

Trucks 

.236 

Wheels,  boxes,  axles 

.24 

Lighting  and  heating 

.25 

Brakes 

.252 

Hand 

.253 

Automatic 

.254 

Air 

.255 

Electric 

.3 

Maintenance  and  repairs 

.335 

Stations  and  terminals 

.336 

Signals  and  communications 

.2 

Telegraph  and  telephone 

.3 

Block  signals 

.338 

Shops  and  car  sheds 

.34 

Transmission  of  electrical  ener 

.341 

Systems 

.1 

Continuous  current  systems 

.2 

Alternating  current  systems 

.3 

Composite  systems 

.342 

Lines  and  conductors 

.1 

General 

.2 

Overhead 

.22 

Poles 

.23 

Cross  arms 

.24 

.3 

Underground 

.32 

Conduits 

.33 

Manholes 

.4 

Interior  wiring 

.5 

Conductors  and  cables 

.52 

Insulated  conductors 

.53 

Uninsulated  conductors 

.54 

•     Cables 
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621.343 

Ketaining  aijd  supporting  devices 

.2 

Messengers 

.3 

Insulators 

.344 

Protective  devices 

.2 

Lightning  arresters 

.35 

Electric  processes      Storage  of  electricity 

.351 

Electrolysis  and  electro-plating 

2 

Electrolysis  by  stray  currents 

.3 

Applications  of  electrolysis 

.32 

Electroplating 

.33 

Electrotyping 

.34 

Purification  of  water 

.352 

Electrolytic  production  of  metals 

.353 

Primary  cells 

.354 

Accumulators 

.2 

Construction 

.3 

Operation 

.4 

Application 

.356 

Direct  transformation  of  heat  into  electrical 

energy 

.357 

Electric  furnaces 

.2 

Arc  furnaces 

.3 

Resistance  furnaces 

.4 

Induction  furnaces 

.358 

Electrotherapeutics 

»36 

Telegraph  and  telephones 

.361- 

Pole  lines 

.2 

Poles,  cross  arms,  pins,  etc. 

.3 

Open  overhead  work 

.4 

Cable  work 

.5 

Messengers  and  guj^s 

.6 

Preserving  processes  for  poles 

.7 

Construction 

.8 

Distributing  boxes 

.362 

Conduits  and  tunnels 

.2 

Pump  log,  wooden  construction 

.3 

Clay  and  terra  cotta 

.4 

Cement  lined  pipes 

.5 

Manholes 

.6 

Cable  work 

.363 

Telegraph  systems 

.2 

Simplex 

.22 

Ordinary 

.23 

High  speed 

.3 

Multiplex 

.4 

Synchronous 

.6 

Wireless 
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21.364 

Telegraph  instraments  and  switchboard 

.365 

Telephone  systema 

.2 

Party  line 

.22 

Series 

.23 

Bridging 

.24 

Selective 

.3 

Intercommunicating 

.32 

Single  circuit 

.33 

Radial 

.34 

Automatic 

.35 

Special  systems 

.4 

Central  switchboard 

.42 

Local  battery 

.43 

Common  battery 

.44 

Special  systems 

.366 

Telephone  instruments 

.1 

General 

.2 

Receivers 

.3 

Transmitters 

.4 

Induction  coils 

.5 

Condensers 

.6 

Bells  and  buzzers 

.7 

Switching  devices 

.8 

Calling  apparatus 

.367 

Telephone  switchboards 

.1 

General 

.2 

Accessories 

.21 

Operators  sets 

.22 

Signal  receiving  apparatus 

.23 

Signal  sending  apparatus 

.3 

Magneto  boards 

.4 

Transfer  boards 

.42 

A  boards 

.43 

B  boards 

.44 

Multiple  plug  transfer 

.5 

Common  battery 

.52 

Small  exchange 

.53 

Large  exchange 

.6 

Divided  multiple 

.7 

Private  exchange 

.8 

Automatic  and  semi-automatic 

.9 

Miscellaneous 

.368 

Power  plant  equipment 

.2 

Accumulators 

.3 

Charging  generators 

.4 

Ringing  generators 

.5 

Operating  devices  and  switchboards 

.869 

Miscellaneous 
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621.369.2 

Distributing  frames  and  relay  racks 

.3 

Protecting  devices 

.4 

Relays  and  repeaters 

.5 

Coin  collecting  devices 

.6 

Meters  and  coulters 

.37 

Instruments  and  meters 

.371 

General  types 

.372 

Current  meters 

.373 

Electromotive  force 

.374 

Power  and  energy 

.375 

Phase  and  power  factor 

.376 

Frequency 

.377 

Resistance,  inductance,  and  capacity 

.378 

Galvanometers  and  detectors 

.379 

Miscellaneous  instruments 

.39 

Industrial  applications  of  electricity 

.391 

General 

.392 

Electricity  applied  to  agriculture 

.393 

Electricity  applied  to  mining 

.2 

Lighting 

.3 

Ventilation 

.4 

Haulage 

.5 

Ore  separating 

.394 

Marine  and  naval  applications  of  electricity 

.2 

Signals 

.3 

Lighting 

.4 

Auxiliary  machinery 

.5 

Propulsion 

.395 

Electric  pumping 

.396 

Electric  conveying  and  hoisting 

.1 

General 

.2 

Telepherage 

.3 

Electric  carriers  and  conveyors 

.4 

Electric  cranes 

.5 

Electric  lifts 

.6 

Electric  hoists 

.T 

Electric  elevators 

.8 

Canal  towing  by  electricity 

.397 

Machine  tool  driving 

.2 

Shaft  drive 

.3 

Individual  drive 

.398 

Heating  effects 

.2 

Electric  radiators,  heaters,  and  warmers 

.3 

Electric  annealing 

.4 

Electric  welding  and  forging 

.5 

Electric  cooking 
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621.398.6  Electric  thawing 

.7  Electric  thermostats  and  regulators 

A  Air  and  gas  engines  and  other  motors 

.401  Gas  engine  power  plants 

.41  Hot  air  engines 

.42  Compressed  air  engines 

.43  Ignited  gas  or  oil  engines 

.431  General  theory  of  gas,  gasoline,  or  oil  engines 

.432  Four-cycle  engines 

.433  Two-cycle  engines 

.434  Diesel  motor 

.435  Tests  of  gas  engines 

.436  Gas  producers 

.437  Engine  using  blast  furnace  gas 

.438  Gas  turbines 

.44  Binary  vapor  engines 

.45  Windmills 

.46  Animal  motors       Tread  mills 

.47  Solar  engines 

.48 

.49 

♦5  Air  compression      Ice  machines      Refrigerators 

.51  Dry  air  compressors                  • 

.52  Wet  air  compressors 

,53  Compressed  air  transmission  and  distribution 

.531  Description  of  transmission 

.532  Details  of  transmission  Piping,  mains,  gages,  etc.  De- 
signs of  transmissions 

.533  Records  of  tests  on  air  compressors  and  transmissions 

.534  Theory  of  air  compression  (thermodynamics  of)  Loss  of 
pressure  in  pipes,  etc.  Efficiency  of  compressors; 
Reheating,  etc. 

.54  Application  of  compressed  air 

.541  Air  motors 

.542  Pneumatic  tools;  drills,  hammers,  etc. 

.543 

.544  Special  applications  in  railroad  Service 

.545  Pumping  by  compressed  air 

.546  Compressed  air  locomotives 

.549  Miscellaneous  applications 
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621.55  Refrigerating  machines 

.552  Ammonia  compression  machines 

.553  Ammonia  absorption  machines 

.554  Carbonic  acid  machines 

.555  Miscellaneous  types:     Air  machines,  vacuum  machines,  etc. 

.56  Refrigeration 

.561  Thermodynamics  of  refrigeration 

.562  Properties  of  refrigerating  fluids 

.563  Refrigeration  plants 

.1  Brine  system 

.2  Direct  expansion  system 

.564  Design   of    refrigerating    systems         Calculation  of  piping, 

refrigerating  surface,  etc. 

.565  Cold  storage     Requirements  for  various  products;  as  apples, 
eggs,  lemons,  butter,  meats,  etc. 

.57  Ice  making 

.571  Ice  making  plants,  can  system 

.572  Ice  making  plants,  plate  system 

.58  Tests  of  ice  making  and  refrigerating  machinery 

.6  Blowing  and  pumping  engines 

.61  Piston  blowers  Blastfurnace  blowing  engines, etc. 

.62  Rotary  blowers 

.63  Centrifugal  blowers 

.64  Steam  pumps  and  pumping  engines 

.641  Description  of 

.642  General  theory      Design  and  construction 

.643  Tests  of  pumps  and  pumping  engines 

.65  Piston  pumps 

.66  Rotary  pumps 

.67  Centrifugal  pumps 

.68  Fire  engines 

.69 

.7  Manufactories      Engineering  works     (see  also  67o) 

.701  Location,  shipping  facilities,  etc. 

.702  Arrangements  of  shops      Shop  buildings 

.703 

.704  Organization  and  administration 

.705  Employees      Wages  and  salaries      Payment  of  labor 

(Conveniences  for  workmen;  hours  of  work;  piece  work;  premium 
plan;  profit-sharing;  labor  unions;  strikes  and  lockouts) 

.706  Accounting      Cost-keeping      Estimates 
.707 
.708 
.709 
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621.71  Machine  shop 

.710  Generalities 

.711  Arrangement  of  machine  shop        Location  of  shafting  and 

machines 

.712  Equipment         (7]'21  Machine  tools;  7122  Small  tools) 

.713  •     Machine  work      Methods  and  processes 

.714  Bench  work 

.715  Erecting 

.716  Toolmaking      Construction  of  dies,  jigs,  etc. 
.717 

.718  Supplies      Materials  and  stock 

.719  Miscellaneous 

.72  Foundry 

•720  Generalities        (.7205  Periodicals;  .7206  Societies;  .7209  Historical) 

.721  General  arrangement  of  foundry 

.722  Equipment  of  foundry 

.723  Molding  processes      Green  sand,  dry  sand,  loam,  etc. 

.724  Machine  molding 

.  725  Cupola  practice       Mixtures  of  iron      Chemistry  of  foundry 

irons 
.726 

.727 

.  728  Materials  and  supplies 

.729  Miscellaneous 

.73  Forge  shop 

.731  Arrangement  of  forge  shop 

•  732  Equipment       Forges,  blowers,  anvils,  etc. 
.  733  Forging  processes 

.734  Drop  forging 

.735 

.736 

.737 

.738  Materials      Supplies 

.  739  Miscellaneous 

.74  Woodworking  shop       Pattern  shop 

.741  Arrangement  of  shop 

.  742  Equipment 

.743  Woodworking  methods  and  processes 

.744  Pattern  making 

.745 

;746 

•  747  Preservation  and  storage  of  patterns 
.748  Materials  and  supplies 

.749  Miscellaneous 
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621.75  Drafting  room 

.751  Arrangement 

.752  Equipment       Desks,  drawing  boards,  etc. 

.753  Methods  and  processes  employed  in  making  drawings 
.754 
.755 

.  756  Blue-printing  processes 

.757  Classification  and  storage  of  drawings 

.758  Materials  and  supplies 

.759  Miscellaneous 

.76  Other  shops  or  departments 

Note— The  numbers  621.76  to  621.79  may  be  used  for  shops  or  depart- 
ments of  a  more  special  character  than  those  given  above;  for  ex- 
ample, Boiler  shops,  Paint  shops.  Sales  department,  etc.  The 
subdivision  of  .76  to  .79  may  be  similar  to  those  of  .61  to  .64;  thus, 
.761  Arrangements;  .762  Equipment:  .763  Methods  and  processes; 
.768  Materials  and  supplies;  769  Miscellaneous 

.77 
.78 
.79 

♦8  Millwork  and  machinery  of  transmission       Design  of  ma- 

chine parts 

.81  Principles  of  mechanism 

.82  Journals,  shaftint^,  etc. 

.821  Journals 

.822  Bearings      Ball  and  roller  bearings      Bearing  metals 

.823  Shop  shafting 

.824  Engine  and  propeller  shafts 

.825  Clutches  and  couplings      Friction  clutches 

.826  Brakes 

.83  Toothed  wheels  and  cams 

.831  Forms  of  teeth;  tooth  curves;  general  theory 

.832  Design  of  gears 

.  1  Spur  gears 

.2  Bevel  and  skew  bevel  gears 

.3  Worm  and  spiral  gears 

.833  Efficiency  of  gears      Tests      Friction  of  gears 

.834  Construction:  cutting  and  casting  of  gears 

.835  Design  of  cams 

.836  Chain  gearing 

.837  Friction  gearing 

.84  Valve  motions  and  gears         (See  also  621.116) 

.85  Machinery  and  mill  gearing 

.852  Belt  gearing 

.853  Hemp  rope  transmission 

.854  Wire  rope  transmission 
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621.86  Hoisting  and  conveying  machinery 

.862  Hoists 

.863  Blocks,  tackle,  etc. 

.864  Conveyors 

.865  Steam  shovels 

.866  Dredges 

.87  Cranes  and  elevators 

.871  Rotary  jib  cranes 

.872  Traveling  cranes 

.873  Hydraulic  cranes 

.874  Locomotive  cranes 

.88  Fastenings 

.881  Screws  and  bolts       Systems  of  screw  threads       Screws  for 

transmitting  motion 

.882  Keys  and  cotters 

.883  Rivets      Design  of  riveted  joints 

.89  Lubricants     Friction 

♦9  Machine  tools 

.90  Generalities 

.901  Design  of  machine  tools 

.902  Power  required  to  drive  machine  tools 

.91  Planing  machines 

.911  Metal  planers,  shapers,  and  slotters 

.912  Wood  planing  machinery 

.92  Grinding  and  filing 

.921  Emery  wheels 

.922  Cylinder  and  surface  grinding  machines 

(Lapping  machines) 

.923  Sandpapering  devices 

.924  Filing  machines 

.93  Cutting  and  sawing 

.931  Metal  sawing  and  cutting  machinery 

.932  Wood  sawing  machinery 

.94  Turning  and  milling 

.941  Metal  turning  lathes 

.942  Wood  turning  lathes 

.943  Milling  machinery 

.944  Pipe  threading  machines 

.945  Boring  mills 
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621.95  Perforating  machinery       Drills 

.951  Drills 

.952  Drilling  machinery 

.953  Wood  boring  machinery 

.954  Eeamers 

.955  Tapping  machines 

.96  Punching  and  shearing  machinery 

.97  Hammers       Nail  and  rivet  machinery 

.98  Bending,  straightening,  and  shaping 

.981  Bending  miachinery 

.982  Straightening  machinery 

.983  Flanging  and  die  press  machinery 

.99  Screw  machines       Bolt  and  nut  machinery,  etc. 

622  Mining  engineering 

A  Exploration  and  prospecting 

.12  Prospecting      Practical  methods 

.13  Mineral  surveys 

.14  Mine  survej^ing 

.15  Magnetic  surveys 

.16  Faults 

.2  Practical  mining 

.21  Excavation 

.22  Quarrying 

.23  Drilling  and  blasting 

.24  Deep  boring 

.25  Shaft  sinking 

.26  Tunneling  and  drifting 

.27  Sloping 

.28  Timbering      Masonry  lining 

.3  Working  of  mines      Exploitation 

.33  Coal  mining 

.34  Metal  mining 

A  Ventilation  and  ligliting  of  mines 

«5  Drainage 

♦6  Hoisting  and  transportation 

.62  Underground  roads 
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622.63  Mine  cars,  trams,  etc. 

.64  Gravity  roads  and  planes 

.65  Tramming  and  animal  haulage 

.66  Mechanical  haulage 

.67  Hoisting  engines       Drums       Ropes 

.68  Cages      Skips       Buckets 

.69  Surface  transportation 

♦7  Mechanical  preparation      Ore  dressing 

.74  Screening 

.78  Coal  washing 

♦8  Dangers  and  accidents 

623  Military  and  naval  engineering 
.8  Naval  architecture 

624  Bridge  engineering 
A  Piers      Foundations 

.2  Girders    Floor  systems    Stresses  and  strains 

.21  Wood  beams     Solid  iron  beams 

.22  Plate  girders     Lattice  girders 

.23  Floors 

.24  Loads  for  bridges 

(.241  Highway;     .242  Railroad  bridges) 

.25  Wind  pressure 

.26  Working  stresses 

.27  Computation  of  stresses 

.271  Algebraic  resolution 

.272  Graphical  resolution 

.273  Algebraic  moments 

.274  Graphical  moments 

.275  Wind  stresses 

.28  Deflection;  camber;  vibration 

.3  Trussed  bridges 

.31  Single  triangular 

.32  Double  triangular 

.33  Single  quadrangular 

.34  Double  quadranglar 

.35  Bowstring 
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624.36 

Other  forms 

.37 

Lateral  systems 

.38 

Portal  bracing 

A 

Cantilever  and  continuotis  bridges 

.41 

Cantilever  trusses 

.42 

Continuous  trusses 

.43 

Tubular  bridges 

.5 

Suspension  bridges 

.6 

Arched  bridges 

J 

.8  Swing,  lift,  and  bascule  bridges 

625  Railroad  and  road  engmeering 

A  Route      Roadbed  and  track 

.11  Location  and  survey 

(Preliminary  surveys      Profiles      Grades  and  curves      Computation 
of  earthwork) 

.12  Subgrade  (earthwork,  drainage,  etc.) 

.13  Bridges  and  tunnels       Ventilation  of  tunnels 

.14  Track 

(.141  Ballast;  .142  cross  ties;  .143  rails  and  rail-joints;  .144  tracklaying; 
.14.5  track  inspection) 

.15  Equipment  of  track 

(.151  Switches;    .152  crossings;  1.53  junctions;  154  turntables;  156  trans- 
fer tables) 

.16  Secondary  equipment 

(Fences,  cattle-guards,  snow-sheds,  section-houses,  etc.) 

.17  Maintenance  of  way     Repairs  and  renewals 

.18  Supplies     Track  materials 

.19  Other  topics 

♦2  Rolling  stock  (For  locomotives,  see  621.13) 

.205  Periodicals;  206  Societies;  (Am.  Assn.  of  Master  Car  Builders) 

.21  Cars  and  carriages,  principal  parts  of 

.211  Frames 

.212  Axles       Wheels      Tires      Balancing  of  wheels 

.213  Suspension 

.214  Provisions  for  lubricating      Lubricants 

.215  Trucks      Radial  and  convergent  axles 

.216  Couplers  and  buffers      Draft  gears 
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625.22  Cross  section  of  cars     Clearance  of  bridges  and 

tunnels      Influence  of  length  of  cars  on  curves 
.23  Passenger  cars 

•23  Types  and  comparison  of  types      Seating  capacity      Weight 

•231  Compartment  cars 

.232  Corridor  or  vestibuled  cars       Farlor  cars       Sleeping  cars 

Dining  cars,  etc. 
•  233  Lighting  of  cars 

•234  Heating  and  ventilation  of  cars       Sanitation 

.24  Freight  cars 

24  Generalities      Capacity       Weight 

.241  Flat  cars 

.242  Hopper  and  dumping  cars 

•243  Closed  and  covered  cars 

.244  Refrigerator  cars 

•245  Special  cars      Dynamometer  cars        (See  656.221) 

.246  Details  of  construction      Use  of  steel  in  construction 

.247  Carunloaders         Miscellaneous     unloading     and    dumping 
devices 

.25  Brakes      Hand,  automatic,  continuous,  etc.     Air 

brakes 
.26  Car  repair  shops 

.27  Supplies      Materials 

*3  Inclined  and  motintain  railways 

A  Elevated  and  underground  railways    Subways 

♦5  Cable  roads 

♦6  Tributary  railways  or  feeders      Street  railways 

.61  Tributary  railways  from  a  technical  standpoint 

.611  Traffic;  taxes;  .612  administration  and  operation;  .613  sub  grader 
.614  track  and  track  equipment;  .615  stations:  .616  motive  power';; 
.617  rolling  stock 

.62  Street  railways     Tramways 

♦7  Roads    Highways 

.8  Pavements  ' 

.9  Ship  railways 

626  Canal  engineering 

627  River,  harbor,  and  general  hydraulic  engineering 
A  Rivers      Force  of  water      Discharge      Bars 
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627,2  Harbors      Breakwaters 

.3  Dockst  pierst  and  quays      Shipping  facilities 

♦4  Dikes  and  levees      Embankments 

.5  Other  protection  and  reclamation  of  land  from  tides  and 

waves      Drainage 

♦6  Jetties 

.7  Dredging      Dredging  machinery 

,8  Dams 

♦9  Light-houses      Buoys 

628  Sanitary  engineering      Waterworks 

Use  same  form  divisions  as  under  620 
♦  I  Water  supply  of  towns  (For  isolated  water  supply  see  628.7) 

.11  Sources  of  water  supply :    lakes,  rivers,  springs, 

wells  and  pumping 
.12  Pumping   vs.    gravitation    systems:    pump-well, 

stand-pipe  high  service       Holly  system 
.13  Storage  and  service  reservoirs 

.14  Conduits       Aqueducts       Tunnels    (see  622) 

.15  Mains  and  service  pipes       Freezing     Iron     Lead 

.16  Impurities  and  their  removal     Filter-basins,  etc. 

.17  Public  (sprinkling,  fire,  flushing),  manufacturing, 

and  domestic  use  and  waste       Meters 

.2  Sewerage  works 

.21  Sewerage  systems 

.211  Combined  system 

.212  Separate  system 

.213  Liernur  system 

.214  Shone  system 

.215  Berlier  system 

*.216  Other  systems 

.217  The  outtall 

.218  Depth  and  alignment 

.219  (jirade  and  velocity 

,22  Shape  and  size  of  sewers 

(1  storm  water  flow;  2  ordinary  flow;   3  circular  section;  4  ordinary; 
egg-shape;    5  other  egg-shapes;    6  other  forms; 
8  formulas  for  size) 
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628.23  Ventilation  of  sewers 

(1  openings  in  streets;  2  lamp  posts;  3  flues  in  houses;  4  pipes  on 
houses;  5  house  drains;  6  chimneys  and  furnaces;  7  charcoal 
and  chemicals  to  deodorize  sewerage  gas;  8  special  mechanism; 
9  special  construction) 

.24  Design  and  construction  of  sewers 

.25  Sewer  appurtenances 

(1  junctions;  2  house  connections;  3  manholes  and  lampholes; 
4  flushing  shafts  and  fixtures;  5  catch  basins  and  inlets;  6  traps 
and  ventilators;  7  valves  and  penstocks;  8  overflows  and  regu- 
lators;   9  miscellaneous) 

.26  River  crossings 

.27  Intercepting  and  outfall  sewers 

.28  Reservoirs  and  tank  sewers 

.29  Pumping  stations 

♦3  Disposal  of  sewage 

.31  Physical  properties  of  sewage 

.32  Deodorization    and    disinfection   of    solids    and 

liquids  (See  628.237) 

.33  Subsidence 

.34  Precipitation 

(1  precipitation  tanks;  2  mixing  machinery;  3  filter  presses; 
4  precipitation  by  salts  of  alumina;  5  by  lime;  6  by  salts  of  iron, 
7  by  other  methods;    8  disposal  of  sludge;    9  misceflaneous) 

.35  Filtration 

.36  Irrigation 

(1  broad  irrigation;  2  ridge  and  furrow  irrigation;  3  flat  bed 
irrigation;  4  sub-surface  irrigation;  5  intermittent  downward 
filtration;  6  carriers  and  appurte  nances;  7  diairs  ard  drainage  o 
sewage  farms;   8  filtration  areas;     9  miscellaneous) 

.37  Sewage  fanning       Required  modifications  of  or- 

dinary methods 
.38  Sewage  manures 

.39  Discharge  into  sea,  etc. 

♦4  Sanitation  of  towns 

.41  Middens  and  privies 

.42  Pail  system 

.43  Earth  closet  systems 

.44  Domestic  ashes  and  garbage 

.45  Public  urinals  and  latrines 

.46  Street  cleaning  and  sprinkling 

.47  Pavements  and  subways 

.48  Trees  in  streets  and  squares 

.49  Manufacture  of  fertilizers  from  town  waste 
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J 

628*5             Industrial  Sanitation  j 

.51              Factories  and  trades  | 

(1  prevention  of  dust  and  fumes;    2  protection  of  throat  and  eyes;  \ 
3  protection  against  infection;    9  special  trades) 

.52              Effluvium  nuisances  i 

(1  situation  of  works:    2  use  of  hiigh  chimneys;    3  condensation  in  j 

water;    4  combustion  in  furnaces:    9  special  trades)  j 

.53              Smoke  nuisance  ! 

(8  From  steam  generators;     9   Prom  special  industries)  i 

.54              Disposal  of  solid  and  liquid  wastes  ' 

(1  discharge  into  streams;    2  absorbing  wells  and  burial;    3  clarifl-  ■ 
cation  by  subsidence;    4  chemical  treatment;  5  filtration;   6  puri. 
fication  by  the  soil;    9  special  methods  and  special  trades) 

j 

.6  House  drainage 

♦7             Rural  water  supply    Villages  and  country  houses  j 

1 

.8  Ventilation  and  heating        (see  697, 628.23, 621.19) 

This  head  is  chiefly  for  ventilation.    Most  matter  on  heating  goes  in  697 

♦9  Lighting  (see62i..32, 537.33) 

650        Communication    Commerce 

651  Office  equipment  and  methods                           ^  j 

652  Writing      Materials      Typewriters 

653  Stenography  j 

"^^  leiegrapny  (For  telegraph  and  telephone  engineering  see  621.36> 

.6             Telephones  ! 

/I 

655  Printing  and  publishing  \ 

656  Transportation    Operation  of  railways  I 
A             Transportation  on  roads  and  highways 

.2             Transportation  by  railways  j 

.21              Railway  terminals  and  stations  j 

.211                    Arrangement  of  passeng  er  stations  I 

.212                    Arrangement  of  freight  and  terminal  stations  ! 

.213                   Stations  for  special  purposes,  (coal,  livestock,  etc.)  j 

.214                    Union  stations    Division  of  expenses  i 

.215                   Heating  and  Ugbting  of  stations  j 

I 

.22              Trains  { 

,221                     Train  resistance  ) 
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656.221.1  Resistance  of  freight  trains 

.2  Resistance  of  passenger  trains 

.3  Resistance  of  engines 

.4  Resistance  on  electric  roads 

.5  Resistance  of  foreign  rolling  stock 

.6  Air  resistance 

-7  Dynamometer  cars  (See  625.245) 

.222  Running  of  trains      Schedules 

.223  Use  of  and  distribution  of  rolling  stock 

(1    Passenger    cars;       2    Freight    cars;     Return  of  empty    cars; 
Interchange  of  cars) 

.224  Passenger  train  service      Postal  service 

.225  Freight  service       Making  up  trains      Tonnage  rating 

.226  Baggage  service 

.227  Transportation  of  dangerous  and  perishable  freight 

.228 

.229  Military  transportation 

.23  Traffic  and  rates 

.231  Transportation  tolls  and  rates  in  general 

(Revision  of  rates    Basing  rates  Differential  rates  Zone  tariffs,  etc.) 

.232  Cost  of  transportation 

.233  Competition  of  railways       Division  of  traffic      Pools,  agree- 

ments, etc. 

.234  Passenger  rates       Rates  for  baggage,  dogs,  etc.     Passes  and 

reduced  fares 

.235  Freight  rates      Classification  of  freight 

.236  Rates  for  transportation  other  than  by  railway 

Rates  of  porterage  and  drayage     Steamer  rates      Street  railway 
rates 

.237  Accounting  and  auditing       Supervision  of  receipts  and  ex 

penses 

.24  Damage       Delays       Claims       Responsibility 

.25  Safety  appliances 

.2^  General  rules 

.251  Signals  in  general      Forms      Colors      Sounds      Daltonism 

.252  Hand  signals      Train  signals 

.253  Fixed  track  and  station  signals 

.254  Apparatus  for  long  distance  communication     Bells  and  spe 

cial  warning  signals  Telegraph  Telejhone  Ccmmuni 
cation  between  stations  and  running  trains  Various  op- 
erating systems  Train  dispatching  Protection  of  trains 
in  distress 

.255  Staff  and  ticket  system  of  controlling  trains 

.256  Block  system 

.1  Simple  manual  block  signals 

.2  Electrically  controlled  manual  block  signals 
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656.256.3  Automatic  electric  block  signals 

.4  Automatic  pneumatic  block  signals 

.257  Centralization  of  operation  of  switch  and  signal    systems 

Interlocking  switch  and   signal  apparatus 
Electro-pneumatic  interlocking  devices 
.258  Indirect   blocking  systems       Electric  slot       Ring  and  key 

Locking  of  draw-bridges 
.259  Other  safety  devices 

(Apparatus  placed  in  trains     Communication  between  cars  and 
with  locomotive    Speed  indicators  on  trains  or  along  the  track) 

.26  Accessories   to    railway  service       Dray  and  cab 

service     Buffets,  restaurants  and  hotels 

.27  Operation  of  lines  vi^ith  light  traffic  and  of  local 

and  tributary  railways 

.28  Accidents 

.280  Statistics      General  questions 

.281  Derailments 

.282  Broken  couplings       Runaway  cars 

.283  CoUisions 

.284  Other  accidents 

.285  Accidents  to  railway  employees 

.296  Accidents  to  the  public  upon  railway  property 

.29  Miscellaneous  questions  relative  to  railway  trans- 

portation 

656.3  Transportation  by  horseless  vehicles 

.30 
.31 
.32  Automobiles 

.321  Types  of  automobiles 

.322  Motive  powers 

.323  Principal  parts 

(Running  gear,  motors,  tranmitting  gear,  braking  devices) 
.324  Design  and  construction  of  automobiles 


657  Book-keeping      Accounting 

660        Chemical  technology 


661  Chemicals 

(1  chemical  elements;    2  acids;    3  alkalies;    4  salts) 

id!  Pyrotechnics      Explosives 

(>(>S  Oils       Gases 
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Asphaltum 


665.2 

Animal  oils  and  fats 

.3 

Vegetable  oils  and  fats 

.4 

Mineral  oils      Paraffin 

J 

Illuminating  gases 

.8 

Other  gases 

666 

Ceramics    Glass^  etc. 

(1  Glass;    2  Enamel;    3  Ceramics;    4  Clay;    5  Porcelain;    6  Stoneware 
and  earthenware) 

666.7  Bricks    Tiles 

♦8  Artificial  stone 

♦9  Cements    Limes    Mortars 

667  Bleaching,  dyeing,  etc. 

668  Other  organic  chemical  industries 

669  Metallurgy  and  Assaying 

.1  Iron  and  steel 

.11  Sources  and  minerals  of  iron 

.12  Properties  and  constants  of  iron  and  steel 

.122  Structure   and    composition        Carbon    states        Etchings 

Microscopic  structure 

.123  Physical  properties  of    iron  and  steel      Temper      Ductil- 

ity     Strength 

.124  Chemical  properties  of  iron  and  steel 

.13  Metallurgical  processes  for  iron  and  steel       Pud- 

dling, open-hearth,  and  Bessemer 

.137  Electric  processes 

.14  Manufacture  of  iron  and  steel  products 

.142  Manufacture  of  pure  iron 

.143  Manufacture  of  pig  iron       Cast  iron 

.144  Manufacture  of  malleable  iron      "Wrought  iron 

.145  Manufacture  of  steel 

.147  By-products  of  iron  and  steel  manufacture 

.148  Slags  and  scoria  from  iron  and  ste.el 

.15  Refining      Purification 

.152  Impurities      Sulphur,  phosphorus,  etc. 
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669.16  Alloys  of   iron  and  steel       Special  steels      Man- 

ganese steel,  nickel  steel,  etc. 
.17  Working,    manipulation,  and  treatment  of   iron 

and  steel 


.172 
.173 
.174 
.176 
.177 

Forging,  rolling,  etc. 
Welding,  soldering 
Tempering 
Plating,  galvanizing 
Electroplating 

.18 

.19^ 

Analyses  and  tests 
Uses  of  iron  and  steel 

2 

Gold  and  silver 

,3 

Copper 

A 

Lead 

.5 

Zinc 

.6 

Tin 

J 

Mercury  and  other  metals 

,8 

Fuels  and  furnaces 

♦9 

Assaying 

670 

Manufactures 

(In  this  division  may  be  placed  items  tl 
621;  such  as  items  relating  to  texti 
facture  of  shoes,  etc.) 

680 

Mechanic  trades 

690 

Building 

69^001) 
(002) 
(003) 
(01) 

(02) 
(07) 

statistics 

Quantities  and  costs      Prices,  etc. 
Contracts  and  specifications 
Theories  of  construction 
Compends,  treatises,  text  books,  etc 
Education,  teaching,  etc. 

(See  form  divisions  p    ) 

691  Materials      Processes      Preservatives 


For  Strength  of  materials,  see  620.1 

For  Uses  of  prepared  materials,  see  693  to  699 


A  Woods 

.18  Preservation  of  woods 
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a 

Natural  stone      Protection 

.211 

Limestone  . 

.221 

Granite 

.231 

Sandstone,  ordina)y 

.24 

Slate 

.29 

Preservation 

.3 

Artificial  stone      Concrete 

.31 

Beton  coigniet 

.32 

Ransome 

.33 

Hollow  block 

.34 

Selenitic 

.35 

Lime  concrete 

.36 

Cement  concrete 

.37 

.39 

Aggregate 

A 

Bricks      Tiles      Ceramic  products 

.46 

Tiles 

.47 

Tiles,  hollow  structural 

.471 

Floor 

.472 

Roof  and  ceiling 

.48 

Terra  cotta 

.49 

Sewer  tiles 

,5 

Lime       Cement      Plaster 

.51 

Lime,  ordinary 

.52 

Lime,  hydraulic 

.53 

Lime,  selenitic 

.54 

Cement,  natural 

.55 

Cement,  portland  or  artificial 

.56 

Plaster  of  paris 

.57 

Keene's  cement 

.6 

Glass 

J 

Iron      Steel      Anti-rust  processes 

.71 

Oast  iron 

.72 

Malleable  cast  iron 

.73 

Wrought  iron 

.74 

Steel,  blister  or  tool 

42  ILLINOIS  ENGINEERING  EXPERIMENT  STATION 


691.75 

Steel,  crucible 

.76 

Bessemer  steel 

.77 

Open-hearth  steel 

.78 

. 

.79 

Protection  of  iron  and  ste  e 

.791 

Painting 

.792 

Tinning 

.793 

Galvanizing  (Zincking) 

.794 

Electroplating 

.8 

Other  metals 

♦9 

Other  materials 

.91 

Mineral  wool 

.92 

Hair 

.93 

Paper 

.95 

Asbestos 

.96 

Asphalt      Tar 

692 

Plans      Specifications,  etc* 

A 

General  drawings 

2 

Detail  drawings 

3 

Specifications 

A 

Contracts      Agreements      Bids      Advertisements 

.5 

Estimates      Quantities      Cost 

.6 

Superintendence 

J 

Supervision  of  accounts 

.8 

Professional  services      Fees      Commissions 

,9 

Building  laws      Liabilities  of  architects      Owne: 

contractors 

.91 

State  or  general  laws 

.92 

City  ordinances 

.93 

Town  or  village  ordinances 

.94 

Trade  rules 

.95 

Liabilities  of  architects 

.96 

Liabilities  of  owners 

.97 

Liabilities  of  contractors 

.98 

Lien  laws 
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693  Masonry      Plastering       Fire-proofing 

A  Stone  construction 

.2  Brick  construction 

.3  Terra  cotta  construction 

♦4  Hollow  tiles  and  porous  terra  cotta 

♦5  Concrete  and  beton  construction 

.51  Massive 

.52  Layers 

.53  Hollow  block 

.54  Sidewalks 

.55  Ornamental 

.6  Plastering 

♦7  Reinforced  concrete 

.71  Systems 

.711  Ordinary 

.712  Ransome's 

.713  Unit 

.714  Hennebique 

.715  Roebling                                         • 

.72  Forms  and  centers 

.73  Testing  and  inspection 

.74  Data  from  experiments 

.75  Formulas 

.76  Special  applications 

.8  Fire-proofing 

.  .81  Systems 

.82  Walls  and  partitions 

.83  Floors 

.84  Roofs 

.85  Columns 

.86  Girders 

.87  Trusses 

.88  Vaults 

694  Carpentry      Joinery      Stairbuilding 
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695 

Roofing 

695*1 

Shingle 

.2 

Slate 

♦3 

Tile 

A 

Metal 

.5 

Iron  and  steel 

.6 

Asphaitt  tar^  etc. 

J 

Felt  and  gravel 

*8 

Cloth 

♦9 

Thatch,  etc. 

696 

Plumbing      Gas  and  steam  fitting 

A 

Plttmbing 

2 

Gas-fitting 

.3 

Steam-fitting 

A 

Rivets  and  riveted  joints 

.5 

Screws  and  screw  joints 

*6 

Rttst  and  caulked  joints 

J 

Anchors      Bond  irons 

,8 

Other  branches 

♦9 

Plumbing  laws 

697 

Heating  and  ventilation 

A 

Fireplaces 

a 

Stoves 

3 

Furnacest  hot  air 

A 

Hot  water 

.41 

High  pressure 

.42 

Low  pressure 

.43 

Low  pressure  with  steam  mains 

.5 

Steam 

.51 

High  pressure 
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697.52 

Low  pressure 

.53 

Exhaust  steam 

.54 

Vacuum 

,6 

Gas 

.61 

Illuminating 

.62 

Fuel 

.63 

Natural 

.64 

Acetylene 

.8 

Smoke  flues  and  chimneys 

.9 

Ventilation      Ducts      Fans 

.91 

■    Natural  system 

.92 

Plenum 

.93 

Exhaust 

.94 

Fresh  air  ducts 

.95 

Foul  air  ducts 

.96 

Treatment  of  air 

.97 

Regulation  of  air  supply 

.98 

Fans 

698 

Painting      Glazing      Paperhanginj 

699 

Car  and  shipbuilding 

20 

Architecture 

721 

Architectural  construction 

A 

Foundations 

a 

WaUs 

3 

Piers      Columns 

A 

Arched  constructions 

.5 

Roofs 

.6 

Floors  and  flooring 

J 

Ceilings 

.8 

Doors      Gates      Grilles      Windows 

.9 

Iron  and  composite  structures 

722 

Ancient  and  oriental  architecture 
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723  Mediaeval  architecture 

724  Modern  architecture 

725  Public  buildings 

♦I  Administrative      Governmental 

♦2  Business  and  commercial 

♦3  Transportation  and  storage 

,31  Railway  passenger  stations 

.32  Railway  freight  stations 

.33  Railway  shops,  roundhouses,  car  houses 

.34  Dock  buildings 

.35  Ware  houses      Cold  storage 

.36  Grain  elevators 

♦4  Manufactories 

.41  Textile  factories  or  mills 

.42  Breweries       Distilleries 

.43  Foundries      Machine  shops      Iron  and  steel  work 

.44  Wood-working  mills 

.45  Carriage  and  car  factories 

♦5  Hospitals  and  asylums 

♦6  Prisons  and  reformatories 

♦7  Refreshment     Baths      Parks 

♦8  Recreation 

♦9  Other  pubfic  buildings 

726  .  Ecclesiastical  and  religious 

727  Educational  and  scientific 

.3  Colleges  and  universities 

♦4  Professional  and  technical  schools 

.5  Laboratories 

728  Residences 

729  Architectural  design  and  decoration 
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740 

Drawing      Decorations 

Design 

741 

Freehand 

742 

Perspective 

744 

Mathematical  and  scientific 

760 

Engraving 

770 

Photography 

RELATIVE   INDEX 


Absorption  dynamometers  531.4 

Accidents,  boiler  and  engine  621.178 

in  mines  622.8 

Eailway  656.28 

Statistics  of  656.28 

to  railway  employees  656.285 

to  public  upon  railway  property  656.296 

Accounting  657 

Eailway  656.237 

Shops  and  manufactories  621.706 

Accumulator  substations  621.311.64 

Accumulators  621.354 

Application  of  621.354.4 

Construction  of  621.354.2 

Operation  of  621.354.3 

Acetylene  gas,  heating  by  697.64 

Acids  (chemistry)  661.2 

Acoustics  534 

Acyclic  machines  621.312.7 

Adhesion  of  locomotives  621.131.1 

Administrative  buildings  725.1 

Aeronautics  533.6 

Air  533 

Air  brakes  625.25 

Air  compression  621.5 

Theory  of  621.534 

Air  compressors,  dry  621.51 

Efficiency  of  621.534 

Tests  of  621.533 

Wet  621.52 

Air  engines  621.4 

Flow  of  in  pipes  621.534 

motors  621.541 

pressure  gages  621.532 

pressure  regulators  621.532 

refrigerating  machines  621.555 

resistance  (railway  trains)  656.221.6 

Algebra  512 

Alkalies  (chemistry)  661.3 

Alloys  of  iron  and  steel  669.16 

Alternating  current  generators  621.312.43 


Ammeters  621.372 

Ammonia  absorptiorJ  machines       621.553 

Ammonia  compression  machines    621.552 

Analyses  of  iron  and  steel  669.18 

Analytical  geometry  516 

Animal  haulage  (mines)  622.65 

Animal  motors  621.46 

Annealing,  electric  621.398.3 

Anthracite  coal  553.25 

Aqueducts  628.14 

Arched  constructions  (architecture)  721.4 

Architects,  liabilities  of  692.9 

Architectural  construction  721 

Architectural  design  and  decoration    729 

Architecture  720 

Architecture,  ancient  aud  oriental        722 

Mediaeval  723 

Modern  724 

Naval  623.8 

Arc  lamps  621.322 

Alternating  current  enclosed    621.322.5 

Alternating  current  open  621.322.4 

Continuous  current  enclosed    621.322.3 

Continuous  current  open  621.322.2 

Arithmetic  511 

Artificial  stone  (see  stone,  artificial)  691.3 

Asbestos  for  building  691.95 

Ash  conveyors  621.184.6 

Asphalt  (building  material)  691.96 

Asphalt  (roofing)  695.6 

Asphaltum  665.4 

Assaying  669 

Astronomy  520 

Asylums  (architecture)  725.5 

Asynchronous  machines  621.312.6 

Atmosphere  533.3 

Atmospheric  pressure  533.3 

Atmospheric  electricity  537.4 

Auditing,  railway  656.237 

Automatic  shaft  governor  engines  621.162 

Automatic  telephone  system      621.365.34 

Automobile  motors  656.323 
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Automobiles 

656.32 

Blowers,  rotary 

621.62 

Braking  devices  for 

656.323 

Blowing  engines 

621.61 

Design  and  construction  of 

656.324 

Blue- printing  processes 

621.756 

Motive  power  of 

656.  .322 

Boiler  duty 

621.172 

Principal  parts  of 

656.323 

efficiency 

621.17 

Types  of 

656.321 

economy 

621.187 

Auto-transformers 

621.313.4 

explosions 

621.178 

Axles,  car 

625.212 

feeding  (locomotive) 

621.133.7 

Locomotive 

621.134.1 

fittings 

621.183 

Radial  and  convergent 

625.215 

incrustation 

621.187.3 

testing  instruments 

621.171 

B 

plants,  descriptions,  designs 

621.181.7 

Baggage  service 

656.226 

room,  management  of 

621.179 

Balancing  of  car  wheels 

625.212 

tests 

621.187 

Ball  bearings 

621.822 

Boilers 

621.18 

Ballast  (railways) 

625.141 

Corrosion  of 

621.187.3 

Bascule  bridges 

624.8 

Governing  proportions  of 

621.185.3 

Basins,  filter 

628.16 

Inspection  of 

621.187.2 

Baths,  public 

725.7 

Locomotive 

621.133 

Batteries,  primary 

621.353 

Management  of 

621.179 

Secondary 

621.354 

Marine 

621.181.1 

Bearings 

621.822 

Setting  and  construction  of 

621.185 

Bearings,  ball  and  roller 

621.822 

Setting  and  hanging  of 

621.185.4 

Bell  signals 

656.254 

Stationary  externally  fired 

621.181.4 

Belt  gearing 

621.852 

Stationary  internally  fired 

621.181.3 

Bending  machinery 

621.981 

Staying  and  bracing  of 

621.185.2 

Berlier  system  of  sewerage 

628.215 

Water-tube  and  sectional 

621.181.5 

Bessemer  process  tor  steel 

669.13 

Traction  and  portable 

621.181.2 

Beton  coigniet  (artificial  stone) 

691.31 

Wear  and  tear  of 

621.187.4 

Beton  construction  (building) 

693.5 

Bolt  and  nut  machinery 

621.99 

Bevel  gears 

621.832.2 

Bolts 

621.881 

Bids  (building  construction) 

692.4 

Bonding  of  rails 

621.333.4 

Binary  vapor  engines 

621.44 

Book  keeping 

657 

Bissell  trucks 

621.135.4 

Boosters,  continuous  current 

621.312.35 

Bituminous  shale 

553.23 

Bowstring  truss 

624.35 

Bituminous  coal 

553.24 

Brake,  Prony 

531.4 

Blast  furnace  blowing  engines 

621.61 

Brakes,  air 

625.25 

Blasting 

622.23 

Electric  cars  and 

Bleaching  (chemical  technology)          667 

locomotives 

621.334.25 

Block  systems,  indirect 

656.258 

Friction 

531.4 

Block  signals,  automatic  electric  656.256.3 

Hand,  automatic,  continuous 

625.25 

Automatic  pneumatic 

656.256.4 

Locomotive 

621.135.5 

Electrically  controlled 

on  tenders 

621.136.1 

manual 

656.256.2 

Braking  devices  for  automobiles    656.323 

Electric  traction 

621.366.3 

Breakwaters 

627.2 

Simple  manual 

656.256.1 

Breast  wheels 

621.22 

Blower8,'"_forge  shop 

621.732 

Breweries 

725.42 

Centrifugal 

621.63 

Brick  (building  material) 

691.4 

60 
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Brick  (chem.  tech.) 

666.7 

Tar 

691.96 

Clay 

553.61 

Terra  cotta 

691.48 

Construction 

693.2 

Woods 

691.1 

Bridge  floor  systems 

624.2 

Building  material  preservatives        691 

Girders 

624.2 

Building  plans,  specifications,  etc.        692 

Loads  and  stresses 

624.2 

Building  processes 

691 

Bridges 

624 

Building  stones 

553.5 

Arched 

624.6 

Buildings,  administrative 

725.1 

Camber  of 

624.28 

Business  and  commercial 

725.2 

Cantilever 

624.4 

Dock 

725.34 

Clearance  of 

625.22 

Ecclesiastical 

726 

Computation  of  strains 

624.27 

Educational 

727 

Deflection  of 

624.28 

Governmental 

725.1 

Railway 

625.13 

Public 

725 

Suspension 

624.5 

Storage 

725.3 

Swing,  lift,  or  bascule 

624.8 

Transportation 

725.3 

Tubular 

624.43 

Buoys 

627.9 

Unit  stresses  for 

624.26 

Burners  for  liquid  fuel 

621.184.5 

Vibration  of 

624.28 

Burners,  oil 

621.184.5 

Wind  pressure  on 

624.25 

Bursting  of  tubes 

620.128 

Wind  strains  in 

624.275 

Business  and  commercial  buildings   725.2 

Brine  system  of  refrigeration 

621.563.1 

By-products  of  iron  and  steel 

Buckets  of  steam  turbines 

621.165.12 

manufacture 

669.147 

Buckle  plate  floor  (bridges) 

624.23 

Buffers,  hydraulic 

621.28 

c 

Buffers  (railroad  cars) 

625.216 

Cab  service  (transportation) 

656.26 

Buffets  (railway  service) 

656.26 

Cable  roads 

625.5 

Building 

690 

Cables  (elec.  trans.) 

621.342.54 

Building  laws 

692.9 

Telephone  and 

Building  material 

691 

telegraph    621.362.6 

621.361.4 

Asbestos 

691.95 

Cages  (mining) 

622.68 

Artificial  stone 

691.3 

Calculus 

517 

Asphalt 

691.96 

Calorimetry 

536.6 

Brick,  tiles 

691.4 

Cams 

621.83 

Cement 

691.5 

Design  of 

621.835 

Concrete 

691.3 

Canal  engineering 

626 

Glass 

691.6 

Canals  from  economic  aspect 

386 

Granite 

691.221 

Cannel  coal 

553.23 

Hair 

691.92 

Can  system  of  ice  making 

621.571 

Iron  and  steel 

691.7 

Cantilever  bridges 

624.4 

Lime 

691.5 

Trusses 

624.41 

Limestone 

691.211 

Carbonic  acid  refrigerating 

Mineral  wool 

691.91 

machines 

621.554 

Paper 

691.93 

Carbon  series  (econ.  geology) 

553.2 

Plaster 

691.51 

Car  building 

699 

Sandstone 

691.231 

factories 

725.45 

Slate 

691.24 

repair  shops 

625.26 

Stone 

691.2 

sheds,  electric  railways 

621.338 
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Oar  unloaders  625.247 

Carpentry  694 

Carriage  factories  725.45 
Carriers  and  appurtenances  for 

irrigation    628.366 

Cars,  closed  and  covered  625.243 

Compartment  625.231 
Corridor  or  vestibule,  parlor, 

sleeping    625. --'32 

Cross  section  of  625.22 

Dynamometer  656.221.7 

Dynamometer  and  special  625.245 

Electric  621.3.34.2 

Flat  625.241 

Freight       "  625.24 

Heating  of  625.234 

Hopper  and  dumping  625.242 

Interchange  of  656.223.2 

Lighting  of  625.233 

Passenger  625.23 

Principal  parts  of  625.21 

Refrigerator  625.244 

Sanitation  of  625.234 

Ventilation  of  625.234 

Cast  iron  in  buildings  691.71 

Manufacture  of  669.143 

Catch  basins  for  sewerS  628.255 

Cattle-guards  625.16 

Ceilings  (architecture)  721.7 

Ceilinjr  tile  691.472 

Cement  concrete  691.36 

Cement,  Keene's  691.57 

Natural  691.54 

Portland  or  artificial  691.55 

Tests  of  620.13 

Cements  (chem.  tech)  666.9 

Cements,  mineral  553.68 

Central  power  stations  621.1 

Central  station  distribution  621.186.2 

Centrifugal  blowers  621.63 

pumps  621.67 

Ceramic  products  (building 

materials)     691.4 

Ceramics  (chem.  tech.)  666 

,  Chain  gearing                 .  621.836 

alchemical  elements  661.1 

i    technology  660 

I    treatment  for  wastes  628.544 


Chemical  deodorization  of 

sewer  gas    628.237 
Chemistry  540 

of  foundry  irons  621.725 

Chimneys  (boiler  plants)  621. 184.3 

Heating  and  ventilation  697.8 

Sanitation  628.236 

Choke  coils  621.313.6 

Circuit  breakers  621.317.36 

Circulating  pumps  621.187.1 

Claims  (transportation)  656.24 

Classification  of  freight  656.235 

Clay,  fire  and  brick  553.61 

Cloth  roofing  695.8 

Clutches  621.825 

Coal  and  ash  conveyors  621.184.6 

Coal,  anthracite  and  graphitic 

anthracite    553.25 
Bituminous  and  semi- 
bituminous    553.24 
Cannel  553.23 

Mining  of  622.33 

vs.  water  gas  621.182 

Washing  of  .        622.78 

Cold  storage  621.565 

Collapsing  of  tubes  620.128.5 

College  buildings  727.3 

Collisions  (railway)  656.283 

Colors  of  signals  656.251 

Combustion  536.46 

in  locomotive  boilers  621.133.1 

of  efliuvia  in  furnaces  628.524 

of  fuel,  appliances  for  621.184 

Commerce  380    650 

Communication  380    650 

Communication  between 

stations  and  running  trains    656.254 
Communication,  long-distance 

(transportation)  656.254 
Comparative  efficiency  of  fuels  621.182 
Compartment  cars  625.231 

Compensators  621.313.4 

Competition  of  railways  656.233 

of  railways  and  steamship  lines      385.2 
Compound  locomotives  621.134.4 

Compressed  air,  applications 

in  railroad  service    621.544 
Application  of  621.54 
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Compressed  air  conduits  621.532 

Engines  621.42 

Locomotives  621.546 

Miscellaneous  applications  of      621.549 

Pipe  fittings  621.532 

Pumping  by  621.545 

Eock  drills  621.542 

Transmission  and  distribution       621.53 

Compressibility  of  gases  533.2 

Concrete  (building  construction)        693.5 

Building  material  691.3 

Cement  691.36 

Construction,  hollow  block  693.53 

Lime  691.35 

Reinforced  693.7 

Systems  of                       *  693.71 

Strength  of  620.13 

Condensation,  cylinder  621.174 

in  steam  pipes  621.186.1 

of  effluvia  in  water  628.523 

of  steam  621.186.1 

Condensers  (electric)  621.314.3 

Gas  621.436 

Steam  621.175 

Jet  621.175.2 

Surface  621.175.1 

Conductors,  electric  621.342.5 

Insulated  621.342.52 

Uninsulated  621.342.53 

Conduits,  cement  lined  621.362.4 

Clay  and  terra  cotta  621.362.3 

Compressed  air  621.532 

for  telephone  cables  621.362 

for  water                             '  628.14 

Pump  log  621.362.2 

Steam  621.186.2 

Underground  transmission     621.342.32 

Conservation  of  energy  531.6 

Contractors,  liabilities  of  692.9 

Contracts  (building)  692.4 

Engineering  62(003) 

Control  devices  (electric)  621.317 

Convergent  axles  (cars)  625.215 

Convertor  substations  621.311.63 

Convertors,  continuous  current  621.312.38 

Frequency  621.312.67 

Motor  621.312.57 

Conveying,  electric  621.396 


Conveying  machinery 

621.86 

Conveyors,  ash 

621.184.6 

Coal 

621.184.6 

Electric 

621.396.3 

Cooking,  electric 

621.398.5 

Cooling  towers 

621.175.3 

Copper,  metallurgy  of 

669.3 

Corridor  cars 

625.232 

Corrosion  of  boilers 

621.187.3 

Cost-keeping  in  manufacturing       621.706 

Cost  of  building  construction  692.5 

of  transportation  656.232 

Costs  in  engineering  62(002) 

of  steam  turbines  621.165 

Cotters  621.882 

Counterbalancing  of  engines  621.111 

Couplers  and  buffers  625.216 
Coupling  arrangements  for  tenders 

621.136.2 

Couplings  (mech.  tech.)  621.825 

Cranes  621.87 

Electric  621.396.4 

Hydraulic  621.873 

Locomotive  621.874 

Rotary  jib  621.871 

Traveling  621.872 

Cranked  axles,  locomotive  621.134.1 

Crossarms  for  overhead  lines     621.342.22 

Crossing?  (railway)  625.152 

Cross-ties  for  track  625.142 

Cupola  practice  621.725 

Cutting  of  gears                 '  621.834 

Cutting  machinery,  metal  621.931 

Cylinder  condensation  621.174 


Daltonism 

656.251 

Damage  in  transportation 

656.24 

Damper  regulators 

621.184.9 

Dams 

627.8 

Dams,  mill 

621.29 

Dangers  (boiler  and  engine  room)  621.178 

Dangers  (mining)  622.8 

Decoration  740 

Deep  borina;  (mining)  622.24 

Deep  well  pumps  (steam)  621.64 

Deformations  under  stress  620.123 

Delays  in  transportation  656.24 
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Deodorization  of  solids  and  liquids  628.32 

Derailments  656.281 

Descriptive  geometry  515 

Design  740 

Architectural  729 

of  automobiles  656.324 

of  cams  621.835 

of  engine  parts  621.11 

of  gears  621.832 

of  machine  parts  621.8 

of  riveted  joints  621.883 

of  sewers  628.24 

of  steam  turbines  621.165.3 

of  tenders  621.136.1 

Designs,  engineering  62(004) 

Die  press  machinery  621.983 

Diesel  motor  621.434 

Dies,  jigs,  etc.  621.716 

Differential  rates  656.231 

Dikes  627.4 

Dining  cars  625.232 

Direct  expansion  refrigeration  621.563.2 

Discharge  of  waste  into  streams     628.541 

Disinfection  of  solids  and  liquids     628.32 

Disposal  of  sewage  628.3 

Disposal  of  solids  and  liquid  wastes  628.54 

Dock  buildings  "         725.34 

Dock  machinery,  hydraulic  621.28 

Docks  627.3 

Dome,  locomotive       •  621.133.6 

Doors  (architecture)  721.8 

Draft  gears  625.216 

Drafting  room  621.75 

Arrangement  of  621.751 

Equipment  of  621.752 

Materials  and  supplies  for  621.758 

Drainage  of  land  627.5 

of  mines  622.5 

of  railway  road  bed  625.12 

of  sewage  farms  628.367 

Draw- bridges,  locking  of  656.258 

Drawing  740 

Freehand                  *  741 

Mathematical  744 

Methods  and  processes  621.753 

Perspective  742 

Drawings,  engineering  62(004) 

.  .Classification  and  storage  of  621.757 


Dray  and  cab  service  656.26 

Dredge  engines  621.167 

Dredging  627.7 

Drilling  (mining)  622.23 

Drilling  machinery  621.952 

Drills  621.951 

Pneumatic  621.542 

Drop  forging  621.734 

Drums,  hoisting  622.67 

Dry  sand  molding  621.723 

Dust,  prevention  of  628.511 

Duty  (boiler  and  engine)  621.172 

Dyeing  (chemical  technology)  667 

Dynamics  531.3 

Dynamometer  cars  625.245     656.221.7 
Dynamometers        531.21     531.4    621.171 

Dynamos  537.83    621.312 

General  details  of  621.312(0051) 

Operation  of  621.312(006) 

Tests  of  621.312(007) 

Dynamotors  621.312.36 


Earth  closet  systems  628.43 

Earthwork  and  drainage  (railroads)  625.12 

Earthwork,  computation  of  625.11 

Earthy  economic  materials  553.6 

Economic  geology  553 

Economizers,  fuel  621.187.1 

Economy  of  boilers           '  621.187 

Education  379 

Engineering  62(07) 

Educational  and  scientific  buildings     727 

Efficiency,  boiler  and  engine  621.17 

of  compressors  621.534 

of  engines  621.172 

of  fuels  621.182 

of  gears  621.833 

Effluvia,  combustion  in  furnaces    628.524 

Condensation  in  water  628.523 

Effluvium  nuisances  628.52 

Egg-shaped  sewers  628.224 

Ejectors  621.176 

Elastic  Umit  620.123 

Elasticity         ■  539.3 

Electric  annealing                    ;  621.398.3 

Block  signals  656.256.3 

Bridge  operation  621.349 
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lectric  canal  towing 

621.396.8 

carriers  and  conveyors 

621.396.3 

cars 

621.334.2 

conveying  and  hoisting 

621.396 

cooking 

621.398.5 

cranes 

621.396.4 

driving  of  machine  tools 

621.397 

elevators 

621.396.7 

furnaces 

621:357 

•  arc 

621.357.2 

induction 

621.357.4 

resistance 

621.357.3 

haulage  in  mines 

621.393.4 

heating 

621.398 

hoists 

621.396.6 

lifts 

621.396.5 

lighting  537.83    621.32 

lighting  of  mines  621.393.2 

locomotives  621.334.2 

methods  of  measuring 

temperatures  536.53 

ore  separation  621.393.5 

Electric  power  plants  621.311 

Combined  621.311.5 

for  lighting  621.311.2 

for  railways  621.311.3 

power  transmission  621.311.4 

pumping'  621.395 

radiators,  heaters,  and 

warmers  621.398.2 

railway  stations  and  terminals    621.335 
roads,  Resistance  on  656.221.4 

signs  621.311.44 

slot  C  56. 258 

telepherage  621.396.2 

thawing  621.398.6 

thermostats  and  regulators        621.398.7 
traction  621.33 

Electric  traction  operation  621.332 

route,  location,  etc.  621.332 

signals  and  communications        621.336 
systems  '      621.331 

street  railway  621.331.4 

trunk  621.331.2 

transmission  of  power      537.84    621.34 
welding  and  forging  621.398.4 

Electrical  energy  produced  directly 

from  heat  621.356 


Engineering  621.3 

Instruments  and  meters  621.37 

Measurements  537.7 
Electrically  controlled  manual 

block  signals  656.256.2 

Electricity  537 

applied  to  agriculture  621.392 

applied  to  marine  affairs  621.394 

applied  to  medicine  537.87 

applied  to  mining  621.393 

Atmospheric  537.4 

Dynamical  537.5 

Generation  of  621.31 

Industrial  applications  of  621.39 

in  shops  621.397 

Nature  of  537.1 

Statical  537.2 

Transmission  of  621.34 

Electrodynamics  537.6 

Electrolysis  621.351 

Application  to  electroplating  621.351.32 

Application  to  electrotyping  621.351,33 
Application  to  purification 

of  water  621.351.34 

by  stray  currents  621.351.2 
Electrolytic  production  of  metals    621.352 

Electro-metallurgy  537.85 

Electroplating  621.351.32 

for  protection  691.794 
Electro-pneumatic  interlocking 

devices  656.257 

Electrostatic  apparatus  621.314 

Electro-therapeutics  537.87    621.358 

Electrotyping  621.351.33 

Elevated  railways  625.4 

Elevators  621.87' 

Electric  621.396.7 

Grain                      ^  725.36 

Hydraulic              *  621.28 

Embankments  (levees,  etc.)  627.4 

Emery  553.65 

Emery  wheels  621.921 

Employees    (shops  and 

manufactories)  621.705 

Enamel  666.2 ' 

Energy,  conservation  of  531.6  v 

Engine  bearings  621.112li 

Cylinder,  bed,  etc.  621.114* 
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Engine  efficiency 

621.172 

failures 

621.178 

fly-wheels 

621.113 

friction 

621.172 

journals 

621.112 

of  locomotives 

621.134 

parts,  Design  of 

621.11 

room,  Management  of 

621.179 

shafts  and  journals 

621.112 

tests 

621.171 

Engineering 

620 

Canal 

626 

compends 

62(02) 

contracts  and  specifications 

62(003) 

drawings  and  designs 

62(004) 

education 

62(07) 

Electrical 

621.3 

essays 

62(04) 

Hydraulic 

621.2 

Military 

623 

Naval 

623 

periodicals 

62(05) 

quantities  and  costs 

62(002) 

Railroad  and  road 

625 

reports 

62(009) 

River,  harbor,  hydraulic 

627 

Sanitary 

628 

Statistics  of 

62(001) 

Steam 

621.1 

Steam  marine 

621.12 

societies 

62(06) 

^tudy  and  teaching  of 

62(07) 

tables  and  calculatiojis 

62(08) 

works 

621.7 

Engines,  automatic  shaft  governor 

621.162 

Binary  vapor 

621.44 

Compressed  air 

621.42 

Dredge 

621.167 

Fire 

621.68 

Gas 

621.43 

Hauling 

621.167 

Heat 

621.41 

Hoisting 

621.167 

Hoisting  (mining) 

622.67 

Hot  air 

621.41 

Management  of 

621.179 

Marine 

621.12 

Portable 

621.15 

Releasing  gear  (Corliss,  etc.)      621.163 

Resistance  of  656.221.3 

Rotary 

Single  acting 

Solar 

Special  types  of 

Stationary 

Throttling 

Traction 

Vapor 

Water  pressure 

Wind 
Engraving 
Equipment  of  forge  shop 

of  foundry 

of  machine  shop 
Erecting  (machinery) 
Estimates  (building  construction)      692.5 
Estimates  (shops  and  manufactories) 

621.706 
Excavation  (mining) 
Exhaust  pipe,  locomotive 
Exhausters 
Expansion  of  steam 
Exploitation  of  mines 
Explosions  (boiler,  fly-wheel,  etc.)  621.178 
Explosives  (chemical  technology)         662 


621.166 

621.164 

621.47 

621.167 

621.16 

621.161 

621.14 

621.44 

621.25 

621.46 

760 

621.732 

621.722 

621.712 

621.715 


622.21 

621.133.5 

621.62 

621.174 

622.3 


Factories,  sanitation  of  628.51 

Fan  blowers  and  exhausters  621.62 

Fans  (ventilation)  697.98 

Fastenings  (machine  design)  621.88 

Fatigue  of  metals  620. 123 

Faults  (mining)  622.16 

Feed  water  filters  621.187 

Heaters  621.187.1 

Purifiers  621.187.1 

Felt  roofing  695.7 

Fences  (railroad  or  road)  625.16 
Fertilizers  made  from  town  wastes  628.49 

Filter  basins  628.16 

presses  (sewerage)  628.343 

Filters,  feed  water  621.187.1 

Oil  621.184.5 

Filtration  of  sewage  628.35 

of  wastes  628.546 

Fire  clay  553.61 
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Fire  engines 

621.68 

Weight  and  capacity  of 

626.24 

Fireplaces,  heating  by 

697.1 

Freight,  classification  of 

656.235 

Fire-proofing  (building  construction)  693.8 

dangerous  and  perishable. 

of  floors 

693.83 

Transportation  of 

656.227 

of  partitions 

693.82 

rates 

656.235 

of  roofs 

693.84 

service 

656.225 

of  trusses 

693.87 

trains,  Resistance  of 

656.221.1 

of  vaults 

693.88 

Frequency  changers 

621.312.55 

of  walls 

693.82 

convertors 

621.312.67 

Systems  of 

693.81 

indicators 

621.376 

Flaming  arc  lamps 

621.322.6 

Fresh  air  ducts  (ventilation) 

697.94 

Flat  cars 

625.241 

Friction 

621.89 

Floor  tiles 

691.471 

brakes 

531.4 

Floors  and  flooring  (architecture)       721.6 

clutches 

621.825 

Flow  of  air  in  pipes 

621.534 

of  engines 

621.172 

of  fluids 

536.74 

of  gears 

621.833 

of  liquids 

532.5 

of  steam 

621.186.1 

of  riA^ers 

532.5 

Theory  of 

531.4 

of  steam 

621.186.1 

Fuel  consumption  of  locomotives  621.133. 1 

of  water  in  pipes 

532.5 

economizers 

621.187.1 

Flues  (sewer  ventilation) 

628.233 

for  locomotives 

621.133.1 

Flushing  shafts  and  fixtures 

gas,  Heating  by 

697.62 

(sewers) 

628.254 

Fuels,  comparative  efficiency  of      621.182 

Fly-wheel  failures 

621.178 

Fumes,  prevention  of 

628.511 

Force  and  its  measure 

531.21 

Furnace  fittings 

621.184 

Foiced  draught 

621.184.2 

Furnaces,  electric 

621.357 

Forge  shop 

621.73 

Hot  air 

697.3 

Forges 

621.732 

Metallurgical 

669.8 

Forging,  drop 

621.734 

Fuses 

621.317.8 

Electric 

621.398.4 

Hydraulic 

621.734 

G 

machines,  hydraulic 

621.28 

Galvanizing  (protection  of  iron 

)      691.7*93 

processes 

621.733 

Galvanometers                    537.86    621.378 

Foul  air  ducts  (ventilation) 

697.95 

Garbage 

628.44 

Foundations  (architecture) 

721.1 

Gas  and  steam  fitting 

696 

Foundries  (architecture) 

725.43 

Gas  engine  power  plants 

621.401 

Foundry  (equipment,  etc.) 

621.72 

Gas  engines 

621.43 

Four-cycle  gas  engines 

621.432 

Four-cycle 

621.432 

Fourneyron  turbine  water  wheels  621.241 

Tests  of 

621.435 

Four-wheel  trucks 

621.135.4 

Theory  of 

621.431 

Frame  plates,  locomotive 

621.135.1 

Two-cycle 

621.433 

Frames,  car 

625.211 

using  blast  furnace  gas 

621.437 

Locomotive 

621.135.1 

Gas,  heating  by 

697.6 

Freezing  of  mains 

628.15 

Illuminating 

665.7 

Freight  and  terminal  stations 

656.212 

Natural 

553.28 

Freight  cars 

625.24 

producers 

621.436 

Details  of  construction  of 

625.246 

turbines 

621.438 

Use  and  distribution  of 

656.223.2 

Gases,  kinetic  theory  of 

533.7 
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Physical  theory  of  533 

Properties  of  533.1 

Thermodynamics  of  536.71 

Gasolene  engines,  theory  of  621.431 

Gage  cocks  (locomotive)  621.133  8 

Gages,  compressed  air  621.532 

Gearing,  belt  621.852 

Chain  621.836 

Gears,  bevel  and  skew  bevel  621.832.2 

Construction  of  621.834 

Cutting  and  casting  of  621.834 

Design  of                          .  621.832 

EfRciency  of  621.833 

Friction  of  621.833 

Spur  621.832.1 

Tests  of  621.833 

Worm  and  spiral  621.832.3 

Generators,  alternating  current  621.312.34 

Continuous  current  621.312.33 

Double  current  621.312.56 

Induction  621.312.63 

<5eology  550 

Economic  553 

Geometry  513 

Girders  for  bridges  624.22 

Lattice  624.22 

Plate  624.22 

Glass  666.1 

Glass  (building  material)  691.6 

Glazing  698 

Gold,  metallurgy  of  669.2 

Governors,  steam  engine  621.115 

Grades  and  curves  (railroads  or 

roads)  625.11 

Grain  elevators  725.36 

Granite  (building  material)  691.221 

Graphic  statics  531.2 

Gravity  531.5 

Gravity  roads  and  planes  622.64 

Green  sand  molding  621.723 

Grinding  machinery  621.92 
Grinding  machines,  cylinder  and 

surface  621.922 
Guide  vanes  (steam  turbines)      621.165.13 


H 


Hair  for  building 
Hammers,  power 


691.92 
621.97 


Pneumatic  621.542 

Hand  signals  656.252 

Harbor  engineering  627 

Harbors  627.2 

Hardness  of  materials  620.126 

Haulage,  animal  622.65 

Electric  621.393  4 

in  mines  622.6 

Mechanical  622.66 

Hauling  engines  621.167 

Heat  536 

Communication  of  636.2 

Direct  transformation   to 

electricity  621.356 

engines  621.41 

motors.  Thermodynamics  of  536.73 
Reflection,  refraction,  radiation 

or  absorption  of  536.3 

Theory  and  nature  of  536.1 

Heaters,  electric  621.398.2 

Feed  water  621.187.1 

Heating  628.8    697 

by  fireplaces  697,1 

by  gas  697.6 

by  hot  air  furnaces  697.3 

by  hot  water  697.4 

by  steam  621.19    697.5 

by  stoves  697.2 

of  cars  625.234 

of  railway  stations  656.215 

Hemp  rope  transmission  621.853 

Hennebique  system  (reinforced 

concrete)  693.714 

Highways  625.7 

from  economic  aspect  386 

History  of  engineering  62(09) 

Electric  621.396 

Engines  621.167 

Engines,  drums,  ropes  622.67 

Hoisting  in  mines  622.6 

Hoisting  machinery  621.86 

Hoists,  electric  621.396.6 

Hydraulic  621.28 

Hollow  tile  for  building  construction  693.4 

Homopolar  machines  621.312.7 

Hopper  cars  625.242 

Horsepower  of  locomotives  621.131.1 

Hospitals  725.5 
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Hot  air  engines 

621.41 

motors 

621.312.64 

Hotels  (railway  service) 

656.26 

Industrial  sanitation 

628.5 

Hot  water  heating 

697.4 

Injectors  and  ejectors 

621.176 

House  drainage 

628.6 

Injectors,  locomotive 

621.133.7 

House  drains  (ventilation) 

628.235 

Inspection  of  boilers 

621.187.2 

Hydraulic  buffers 

621.28 

Instruments  for  boiler  tests 

621.171 

charging  apparatus 

621.28 

for  engine  tests 

621.171 

cranes 

621.873 

Insulators 

621.343.3 

devices  used  in  steel  works 

621.28 

Intercepting  sewers 

628.27 

dock  machinery 

621.28 

Interchange  of  cars 

656.223.2 

elevators 

621.28 

Interior  wiring 

621.342.4 

engineering 

627 

Interlocking  devices,  electro- 

forging 

621.734 

pneumatic 

656.257 

hoists 

621.28 

switch  and  signal  apparatus 

656.257 

machinery 

621.28 

International  agreements  relative  to 

presses 

621.26 

railways 

385.6 

ram 

621.27 

Interstate  commerce  commission        385.7 

Hydraulics,  general  theory 

532     621.2 

Interurban  electric  railways 

621.331.3 

Hydrostatics 

532 

Iron,  alloys  of 

669.16 

Analyses  and  tests  of 

669.18 

1 

Chemical  properties  of 

669.124 

Ice  machines 

making 

making  machinery,  Tests  of 

plants 

plants,  plate  system 
Illuminating  gas 

621.5 

621.57 

621.58 

621.571 

621.572 

665.7 

forging,  rolling,  etc. 
in  building 

mains  and  service  pipes 
Manufacture  of 
Metallurgy  of 
Mixtures  of  (foundry) 

669.172 

691.7 

628.15 

669,14 

669.1 

621.725 

Illumination  by  electricity 
Decorative 
Exterior 
Interior 

621.321 
621.321.4 
621.321.3 
621.321.2 

ore                                                      006.6 
Physical  properties  of                   669.123 
Protection  of                                     691.79 
Refinement  and  purification  of     669.15 

Impact  tests 
Impurities  in  water 
Incandescent  lamps 
Carbon  filament 

620.125 

628.16 

621.323 

621.323.2 

Roofing 

Sources  of 

Structure  and  composition  o 

structures  (architecture) 

695.5 

669.11 

f        669.12 

721.9 

Metal  filament 
Metallized  filament 
Osmium  filament 
Platinum  filament 
Tantalum  filament 

621.323.3 
621.323.21 
621.323.34 
621.323.31 
621.323.32 

Uses  of 

welding,  soldering,  etc. 
Working,  manipulation  and 
treatment  of 
Irrigation  by  sewage 

669.19 
669.173 

669.17 
628.36 

Tungsten  filament 

621.323.33 

J 

Inclined  railways 

625.3 

Incrustation  of  boilers 

621.187.3 

Jet  condensers 

621.175.2 

Indicators,  steam  engine 

621.171 

Jetties  (river  engineering) 

627.6 

Indirect  blocking  systems 

656.258 

Jib  cranes 

621.871 

Induction  apparatus 

621.313 

Jigs,  construction  of 

621.716 

coils 

621.313.7 

Joinery 

694 

generators 

621.312.63 

Jonval  turbine  water  wheels 

621.243 
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Journals 

621.821 

Limes  (chemical  technology) 

666.9 

Junctions  (railway) 

625.153 

Limestone  (building  material) 

691.211 

Liquids,  flow  of 

532.5 

K 

Loam  molding 

621.723 

Keene's  cement 

691.57 

Location  and  survey  (railroads) 

625.11 

Keys 

621  882 

of  manufactories 

621.701 

Kinematics,  general  theory 

531.1 

of  shafting  and  machines 

621.711 

Kinetic  theory  of  gases 

533.7 

Locomotive 

621.13 

Kinetics 

531.3 

Adhesion  of 

621.131.1 

ash  pit 

621.133.2 

L 

axles 

621.134.1 

Laboratories  (architecture) 

727.5 

boiler.  Attachments  to 

621.135.1 

Labor,  payment  of 

621.705 

boilers 

621.133 

Labor  unions 

621.705 

brakes 

621.135.5 

Lamp  posts  as  ventilators 

621.232 

Counterbalancing  of 

621.135.2 

Lamps,  arc  (See  Arc  lamps) 

cylinders 

621.134.1 

Lamps,  incandescent  (See 

dome 

621.133.6 

Incandescent  lamps) 

driving  mechanism 

621.134.1 

Lapping  machines 

621.922 

Engine  of 

621.134 

Lateral  systems  (bridges) 

624.37 

exhaust  pipe 

621.133.5 

Lathes,  metal  turning 

621.941 

firebox 

621.133.2 

wood  turning 

621.942 

frame  plates 

621.135.1 

Latrines 

628,45 

frames 

621.135.1 

Lattice  girders  (bridges) 

624.22 

fuel  consumption 

621.133.1 

Laws,  building 

692.9 

fuels 

621.133.1 

Engineering 

62(007) 

grate 

621.133.2 

Lead  mains  and  service  pipes 

628.15 

Horsepower  of 

621131.1 

Lead,  metallurgy  of 

669.4 

injectors 

621.133.7 

Levees  (river  engineering) 

627.4 

Lubrication  of 

621.134.5 

Lien  laws  (building  construction] 

1      692.98 

Management  of 

621.137 

Liernur  system  of  sewerage 

628.213 

pistons  and  rods 

621.134.1 

Lifts,  electric 

621.396.5 

pumps 

621.133.7 

Light 

535 

repair  snops 

621.138.5 

Lighthouses 

627.9 

running  gear 

621.135 

Lighting 

628.9 

safety  valve 

621.133.8 

Electric 

621.32 

shell 

621.133.3 

of  cars 

625.233 

smokebox  and  stack 

621.133.4 

of  mines 

6224 

springs,  saddles,  equalizing 

of  railwaj'  stations 

656.215 

levers 

621.135.3 

Lightning  arresters 

621.344.2 

Staying  of 

621.133.2 

rods 

537.4 

supplies  and  materials 

621.139 

Lignite 

553.22 

Suspension  of 

621.135.3 

Lime  concrete 

691.35 

Theory  of 

621.131 

Lime  for  building 

691.5 

throttle 

621.133.6 

Hydraulic 

691.53 

Tractive  force  of 

621.131.1 

Ordinary 

691.51 

trucks 

621.135  4 

Selenitic 

691.53 

tubes 

621.133  3 

Limes  and  mineral  cements 

553.68 

valves 

621.134,2 
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wheels,  boxes,  and  axles 

621.135.2 

Locomotives,  compressed  air 

621.546 

Electric 

621.344.2 

Maintenance  and  repair  of 

621.138 

Tests  of 

621.131.3 

Types  of 

621.132 

Low  water  alarm  (boiler) 

621.183 

Lubricants 

621.89 

Lubricants  (railroad  cars) 

625.214 

Lubricating  devices 

621.119 

Lubrication  of  locomotive 

621.134.5 

M 

Machine  molding 

621.724 

parts.  Designs  ot 

621.8 

Shop  (equipment  of,  etc.) 

621.71 

shops,  Architecture  of 

725.43 

tool  driving.  Electric 

621.397 

tools 

621.9 

tools  (shop  equipment) 

621.712.1 

Machinery  and  mill  gearing 

621.85 

Bending 

621.981 

Bolt  and  nut 

621.99 

Flanging  and  die  press 

621.983 

Hoisting  and  conveying 

621.86 

Milling 

621.943 

Nail  and  rivet 

621.97 

ol  transmission 

621.8 

Punching  and  shearing 

621.96 

Wood  boring 

621.953 

Wood  planing 

621  912 

Wood  sawing 

621.932 

Machines,  pipe  threading 

621.944 

Planing 

621.91 

Theory  of 

531.8 

Magnetic  surveys 

622.15 

Magnetism 

538 

Mains,  compressed  air 

621.532 

water 

628.15 

Maintenance  of  locomotives 

621.138 

Maintenance  of  way 

62). 17 

Malleable  cast  iron  (in  buildings)    621.72 

Malleable  iron,  manufacture  of 

669.144 

Manganese  steel 

669.16 

Manholes  (boilers) 

621.183 

for  sewers 

628.253 

Underground  transmission 

621.342.32 

Manufactories 

621.7 

Architecture  of  725.4 
Organization  and  adminis- 
tration of  621.704 
Manufacture  of  fertilizers  from 

town  wastes  628.49 

of  iron  and  steel  669. 14 

Manufactures  (miscellaneous)  670 

Manures,  sewage  628.38 

Marine  boilers  621.181.1 

engineering  (steam)  621.12 

engines  621.12 

engines  and  ship  propulsion  621.119 

Masonry  (building  construction)  693 


539.4 


620.1 

510 

621 

622.66 

622.7 

621.184.1 

680 

531 

621.11 

621.81 

723 


Materials,  strength  of 

Mathematics 

Mechanical  engineering 
Haulage 

Preparation  of  mine  products 
Stokers 

Mechanic  trades 

Mechanics 

Mechanism  of  steam  engine 

Mechanism,  principles  of 

INlediaeval  architecture 

Medicine,  application  of 

electricity  to  537.87 

Mercury,  metallurgy  of  669.7 

Messengers  (electric  trans- 
mission) 621.343.2 

Metallurgical  furnaces  669.8 

Processes  for  iron  and  steel  669.13 

Metallurgy  669 

of  copper  669.3 

of  gold  and  silver  669.2 

of  lead  669.4 

of  mercury  669.7 

of  tin  669.6 

of  zinc  669.5 

Metal  mining  622.33 

planers,  s-hapers,  slotters  621.911 

roofing  695.4 

sawing  and  cutting  machinery    621.931 
turning  lathes  621.941 

Metals,  electrolytic  production  of    621.352 
Fatigue  of  620.123 

Meters,  electric  621.37 

Current  621.372 

Electromotive  force  621.373 
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Frequency  621.376 

General  types  621.371 

Phase  and  power  factor  621.375 

Power  and  energy  621.374 

Resistance,  inductance,  capacity  621.377 

Middens  628.41 

Military  engineering  623 

Transportation  656.229 

Mill  dams  621.29 

Gearing  621.85 

Milling  machines  621.943 

Mills,  architecture  of  725.41 

Wind  621.45 

Millwork  621.8 

Mine  cars,  trams,  etc.  622.13 

Mineral  cements  553.68 

surveys  622.13 

wool  (Duilding  material)  691.91 

Mineralogy  549 

Minerals  of  iron  669.11 

Mine  surveying  622.14 

Mines,  drainage  of  622.5 

Ventilation  and  lighting  of  622.4 

Working  of  622.3 

Mining  622 

Coal  622.33 

Metal  622.33 

Mixing  machinery  (sewerage)  628.342 

Mixtures  of  iron  (foundry)  621.725  - 

Modern  architecture  724 

Molding  processes  621.723 

Molecular  physics  539 

structure  539.1 

Mortars  (chemical  technology)  666.9 

Motor-con  vertors  621.312.57 

Motors,  air  621.541 

Animal  621.46 

Automobile  656.323 

Electric  656.312 

Constant  speed  621.312.342 

Continuous  current  621.312.34 

Induction  621.312.64 

Repulsion  621.312.66 

Series  A.  C.  621.312.65 

Synchronous  621.312.44 

Mountain  railways  625.3 

Multiple  telegraphy  621.363.3 


N 

Nail  and  rivet  machinery  621.97 

Natural  gas  553.28 

Natural  gas,  heating  by  697.63 

Naval  architecture  623.8 

Engineering  623 

Nernst  lamps  621.323.43 

Nickel  steel  669.16 

Nozzles  (steam  turbine)  621.165.13 

Nuisances,  effluvium  628.52 

O 

Office  equipment  651 

methods  651 

Oil  burners  (boiler)  621.184.5 

engines,  ignited  621.43 

engines,  Theory  of  621.431 

feed  apparatus,  burners,  etc.     621.184.5 

filters  621.184.5 

Oiling  devices  621.119 

Oils  (chemical  technology)  665 

Animal  665.2 

Mineral  665.4 

Vegetable  665.3 

Operating  systems  (transportation) 

656.254 

Operation  of  tributary  railways        656.27 

of  railway  lines  with  light  traffic  656.27 

of  railways  656 

of  signal  systems  656.257 

of  switch  signals  656.257 

of  street  railways  625.612 

Optics  535 

Ore  deposits  553.1 

dressing  622.7 

separation,  electric  621.393.5 

Ores  of  iron  553.3 

of  metals  other  than  iron  553.4 

Organization  of  manufactories 

and  shops  621.704 

Oriental  architecture  .  722 

Outfall  (sewerage)  628.217 

Outfall  sewers  628.27 

Overshot  vs^ater  wheels  621.22 

Owners,  liabilities  of   ^  692.9 

P 

Packings,  steam  621.186.2 

Painting  698 
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Painting  iron  and  steel 

691.791 

Paper  for  building 

Paperhanging 

Paraffin 

691.93 

6.98 

665.4 

Parks,  public 
Parlor  cars 

725.7 
625.232 

Passenger  cars 

625.23 

Types  of 

Use  and  distribution  of 

625.23 
656.223.1 

Weight  of 

625.23 

Passenger  rates 

stations,  Arrangement  of 

656.234 
656.211 

train  service 

656.224 

trains,  Resistance  of 

656.221.2 

Passes  and  reduced  fares 

656.234 

Patents  (engineering) 
Patents  on  steam  turbine 

62(008) 
621.165 

Pattern  making 

621.744 

Pattern  shop 

Patterns,   preservation  and 
storage  of 

621.74 
621.747 

Peat 

553.21 

Penstocks 

621.29 

for  sewers 

628.257 

Perforating  machinery 
Petroleum 

621.95 
553.28 

Phase  convertors 

621.312.54 

indicators 

621.375 

Photography 

770 

Phosphorus  in  iron  and  steel  669.152 

Physical  properties  of  sewage  628. 31 

Physics  530 

Piece  work  621.705 

Piers  (harbor  engineering)  627.3 

Piers  (architecture)  721.3 

Pig  iron,  manufacture  of  669.143 

Pipe  coverings  621.186.2 

Fittings,  compressed  air  621.532 

Threading  machines  621.944 

Piping  compressed  air  621.532 

of  refrigerator  systems  621 .564 

Piston  blowers  621.61 

pumps  621.65 

Planers  621.911 

Planing  machines  621.91 

Plans,  for  buildings  692 
Plastering  (building  construction)  693 
Plaster  of  paris  (building  material)  691.56 


Plate  system,  ice  making  plants     621.572 

Plenum  system  of  ventilation  697.92 

Plumbing  696 

Pneumatic  block  signals  656.256.4 

Dispatch  apparatus  621.549 

Drills  621.542 

Hammers  621.542 

Tools                                   '  621.542 

Pneumatics  533 

Pole  lines,  telegraph  or  telephone  621.361 

Poles  for  overhead  lines  621.342.22 

Pools,  agreements  (transportation)  656.233 

Porcelain  666.5 

Portable  boilers  621.181.2 

engines  621.15 

Portal  bracing  of  bridges    .  624.38 

Portland  cement  691.55 

Postal  service  656.224 

Potential  regulation  621.313.5 

Power  factor  indicators  621.375 

Power  measurement  621.172 

Power  plants  621.1 

Gas  engine                           '  621.401 

Reciprocating  engine  621 .  101 

Steam  turbine  621.102 

Power  transmission,  compressed  air 

621.53 

Precipitation  of  sewage  628.34 

by  Ume  628.345 

by  salts  of  alumina  628.344 

by  salts  of  iron  628.346 

Precipitation  tanks  (sewerage)  628.341 
Preliminary  surveys  (railways)  625.11 
Premium  system  of  paying  labor  621 .705 

Preservation  of  woods  691.18 

Presses,  hydraulic  621.26 

Pressure  gages,  air  621.532 

Steam  621.171 

Pressure  regulators  621.186.2 
Pressure  steam  turbines              621.165.22 

Primary  cells  621.353 

Principles  of  mechanism  621.81 

Printing  655 

Prisons  (architecture)  725.6 

Privies  628.41 

Probabilities,  theory  of  519 

Producers,  gas  621.436 

Profiles  of  railroads  625.11 
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Profit-sharing  621.705 

Proiiy  brake  531.4 

Propeller  shafts  621.824 

Properties  of  iron  and  steel  691.79 

of  metals,  magnetic,  electric,etc.  620.121 

of  refrigerating  fluids  621.562 

of  stone,  concrete,  cement,  etc.     620.13 

Prospecting,  practical  methods         622.12 

Protection  against  infection  from 

dust  628.513 

of  iron  and  steel  691.79 

of  stone  691.2 

of  throat  and  eyes  from  dust 

and  fumes  628.512 

of  trains  in  distress  656.254 

Public  buildings  (architecture)  725 

Publishing  655 

Pumping  by  compressed  air  621.545 

Electric  621.395 

engines  621.64 

Tests  of  621.643 

■   stations  (sewerage)  628.29 

Pumping  vs.  gravitation  systems 

(water  supply)  628.12 

Pumps,  centrifugal  621.67 

circulating  621.187.1 

Design  and  construction  of  621.642 

electric  621.318.54 

General  theory  of  621.642 

locomotive  621.133.7 

piston  621.65 

rotary  621.66 

steam  621.64 

steam,  deep  well  621.64 

Tests  of  621.643 

Punching  and  shearing  machinery  621.96 

Purification  of  wastes  by  the  soil   628.546 

of  water  for  locomotives  621.133.7 

Purifiers,  gas,  621.436 

feed  water  621.187.1 

Pyrometry  536.52 

Pyrotechnics  (chemical  technology)      662 


Quantities  and  costs,  engineering    62(002) 
Quarrying  622.22 


Radiators,  electric  621.398.2 
Eail  bonding  621.332 
Railroad  bridges  625.13 
Engineering  625 
Profile  of  625.11 
tunnels  625.13 
Rails  and  rail-joints  625.143 
Railway  freight  stations  725.32 
motors,  electric                        621.312.45 
passenger  stations  725.31 
service,  accessories  to  656.26 
shops,  roundhouses,  car  houses    725.33 
terminals  and  stations  656.21 
Railways,  administrative  organiza- 
tion of  385.4 
Competition  of  656.233 
Economic  and  financial  aspects  of     385 
Elevated  and  underground  625.4 
Essays  on,  history  of  385 
Inclined  and  mountain  625.3 
International  agreements  rela- 
tive to  385.6 
Operation  of  656 
Personnel  of  385.5 
Report  of,  statistics  of,  etc.  385 
Ship  625.9 , 
State  control  of  385.3 
Street  625.62 
Tributary  625.6 
Ram,  hydraulic  621.27 
Ransome's  system  (reinforced' 

concrete)  693.712 

Rapid  transit  in  cities  388 

Rates,  basing  and  differential  656.231 

for  baggage,  dogs,  etc.  656.234 

for  transportation-  656.23 

Freight  656.235 

of  porterage  and  drayage  656.236 

Passenger  656.234 

Revision  of  656.231 

Steamer  656.236 

Street  railway  656.236 

Reactors  621.313.6 

Reamers  621.954 

Reciprocating  parts  of  steam 

engine  621.111 
Reclamation  from  tides  and  waves    627.5 
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Recording  pressure  gages,  air 

Steam 
Recreation  buildings 
Rectifying  apparatus  (pulsating 

current  generators) 
Refining  of  iron  and  steel 
Reformatories 
Refreshment  buildings 
Refrigerating  fluids,  properties  of  621.562 
Refrigerating  machines 

Tests  of 

Miscellaneous  types 
Refrigerating  plants 
Refrigerating  surface 
Refrigeration 
Refrigeration  systems,  piping  of 

Design  of 
Refrigerator  cars 
Regulators,  air  pressure 

Damper 

for  sewers 

Potential 

Pressure  (compressed  air) 

Steam  pressure 
Reheating  of  compressed  air 
Reinforced  concrete 

Experimental  data 

Forms  and  centers  for 

Formulas  for 

Hennebique  system 

Ordinary  system 

Ransome's  system 

Roebling  system 

Special  applications 

systems 

testing  and  inspection 

unit  system 
Releasing  gear  engines 

(Corliss,  etc.) 
Repair  of  locomotives 
Repair  shops,  locomotive 
Repairs  and  renewals,  railroad 

track 
Reports  (engineering) 
Reservoirs  and  tank  sewers 
Reservoirs,  storage  and  service 

Residences 
Resistance  of  air  to  trains 


621.532 

of  engines 

656.2:^.3 

621.171 

of  foreign  rolling  stock 

656.221.5 

725.8 

of  freight  trains 

656.221.1 

of  passenger  trains 

656.221.2 

621.312.8 

on  electric  roads 

656.221.4 

669.15 

Restaurants  (railway  service) 

656.26 

725.6 

Revolution  counters 

621.171 

-    725.7 

Rheostats 

621.317.4 

)f  621.562 

Ring  and  key  (railway  blocking 

621.55 

system) 

656.258 

621.58 

River  and  ocean  transportation 

387 

621.555 

Crossings  (sewers) 

628.26 

621.563 

Engineering 

627 

621.564 

Rivers,  discharge  of,  etc. 

627.1 

621.56 

Flow  of 

532.5 

621.564 

Riveted  joints 

621.185.1 

621.564 

Design  of 

621.883 

625.244 

Riveters,  hydraulic 

621.28 

621.532 

Rivets 

621.883 

621.184.9 

Roadbed  and  track  (roads  and 

628.258 

railroads) 

625.] 

621.313.5 

Road  engineering 

625 

621.532 

Road  machines,  steam 

621.14 

6il. 186.2 

oads  R 

625.7 

621.534 

Underground  (mines) 

622.62 

693.7 

Rock  drills,  compressed  air 

621.542 

693.74 

Rod  packing 

621.186.2 

693.72 

Roebling  system  (reinforced 

693.75 

concrete) 

693.715 

693.714 

Rolling  stock  (electric  traction) 

621.334 

693.711 

Railroad 

625.2 

693.712 

Street  railway 

625.617 

693.715 

Use  of,  and  distribution  oi 

656.223 

693.76 

Roof  and  ceiling  tile 

691.472 

693.71 

Roofing 

695 

693.73 

Roofs  (architectural) 

721.5 

693.713 

Rope  transmission 

621.8".3 

Rope  ways 

621.86 

621.163 

Ropes,  hoisting 

622.67 

621.138 

Rotary  blowers 

621.62 

621.138.5 

Pumps 

621.66 

Steam  engines 

621.166 

625.17 

Round  houses 

621.138.1 

62(009) 

Rural  water  supply 

628.7 

628.28 

628.13 

S 

728 

Safety  appliances  (railways) 

656.25 

656.221.6 

Attachmentsfor  engines 

621.119 
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Safety  devices  for  switches  656.259 

Safety  valves  621.183 

Locomotive  621.133.8 

Sandpapering  devices  621.923 

Sands  (econ.  geology)  553.62 
Sandstone  (building  material)        691.231 

Sanitary  engineering  628 

Sanitation,  industrial  628.5 

in  trades  628.51 

of  cars  624.234 

of  factories  628.51 

of  towns  628.4 

Sawing  machinery  621.93 

Scale  in  boilers  621.187.3 
Scale  prevention  in  locomotives  621.133.7 

Schedules  of  trains  656.222 

Screening  (mines)  622.74 

Screw  engines  621.12 

machines  621.99 

threads,  Systems  of  621.881 

Screws  621.881 

for  transmitting  motion  621.881 

Searchlights  621.322.7 

Sectional  boilers  621.181.5 

Section-houses  (railroad)  ^  (:25.16 

Selenitic  artiflcial  stone  691.34 

Semi-bituminous  coal  553.24 

Separators,  oil  621.186.2 

Steam  621.177 

Service  pipes,  water  supply  628.15 

Setting  of  boilers  621.185 

Sewage,  discharge  into  sea  628.39 

'Disposal  of                   ,  628.3 

farming  628.37 ' 

farms,  drainage  of  628.367 

Filtration  of  628.35 

irrigation  628.36 

manures  628.38 

Physical  properties  of  628.31 

Precipitation  of  628.34 

Sewer  appurtenances  628.25 

house  connections  628.252 

junctions  628.251 

openings  in  streets  628.231 

Sewer  tiles  (building)  691.49 
Sewerage  gas,  deodorization  of       628.237 

Sewerage  systems  628.21 

Combined  628.211 


Separate  628.212 
Sewerage  works  628.2 
Sewers,  circular  section  628.223 
Depth  and  alignment  of  628.218 
Design  and  construction  of  628.24 
Flow  in  628.222 
Flushing  shafts  628.254 
Formulas  for  size  of  628.228 
Grade  of  628.219 
Intercepting  and  outfall  628.27 
Manholes  and  lampholes  for       628.253 
Overflows  and  regulators  628.258 
River  crossings  628.26 
Shape  and  size  of  628.22 
Tank  628.28 
Traps  and  ventilators  for  628.256 
Valves  and  penstocks  for  628.257 
Ventilation  of  628.23 
Shaft  governor  engines  621.162 
Shaft  sinking  (mines)  622.25 
Shafting  622.82 
Location  of  621.711 
Shafts,  engine  and  propeller  621.824 
Shale,  bituminous  553.23 
Shapers  623.911 
Shearing  machinery  621.96 
Shingle  roofing  695.1 
Ship  building  699 
propulsion  621.12 
railways                       '  625.9 
Shipping  facilities  (manufactories)  621.701 
Shone  system  of  sewerage  628.214 
Shop  buildin^^s  621.702 
methods  and  processes  621.713 
shafting  621.823 
Shops,  arrangements  of  621.702 
Oar  repair  625.26 
for  electric  railways  621.338 
Organization  and  adminis- 
tration of  621.704 
Shovels,  steam  621.167 
Sidewalks,  concrete  693.54 
Signal  apparatus,  interlocking  656.25 
Signal  devices  (electric  trans- 
mission)'                              621.317.5 
systems,  centralization  of  656.257 
Signals,  electric  537.88 
Electric  (marine  and  naval)  621.394 
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Signals,  electric  traction 

621.336 

Statistics,  engineering 

62(001) 

Forms,  colors,  sounds  of 

656.251 

of  railways 

385 

Hand  and  train 

656.252 

Staying  of  boilers 

621.185.2 

Signals  in  train  operation 

656.251 

Stays  (locomotive  boilers) 

621.133.2 

Silver,  metallurgy  of 

669.2 

Steam  boilers 

621.181 

Simplex  telegraphy 

621.363.2 

Steam  condensation  in  pipes 

621.186.1 

Skew  bevel  gears 

621.832.2 

conduits 

621.186.2 

Slags  from  iron  and  steel 

669.148 

distribution  in  locomotives 

621.134.2 

Slate  (building  material) 

691.24 

dredges 

621.167 

roofing 

695.2 

economy 

621.17 

Sleeping  cars 

625.232 

Steam  engine  accidents 

621.178 

Slide  valves,  locomotive 

621.134.2 

efficiency 

621.172 

Slotters 

621.911 

failures 

621.178 

Sludge,  disposal  of 

628.348 

indicators 

621.171 

Sluices 

621.29 

Jacketing  of 

621.174 

Smoke  consumption  and 

lubricators 

621.119 

prevention 

621.184.4 

mechanism 

621.11 

flues  and  chimneys 

697.8 

Steam  engines,  rotary 

621.166 

nuisance 

628.53 

Stationary 

621.160 

from  special  industries 

628.539 

Traction 

621.140 

from  steam  generators 

628.538 

Tests  of 

621.172 

Snow-sheds  (railroad) 

625.16 

Thermodynamics  of 

536.73 

Societies,  engineering 

62(06) 

Steam  engineering 

621.1 

Solar  engines 

621.47 

Steam,  expansion  of 

621.174 

Solids,  properties  of 

539.2 

fitting 

696 

Sound 

534 

fittings 

621.186.2 

Specifications,  engineering 

62(003) 

Flow  of 

621.186.1 

Speed  indicators  and  registers 

621.171 

gages 

621.183 

Spiral  gears 

621.832.3 

generation 

621.18 

Springs,  strength  of 

620.128.6 

heating              -                    621.19     697.5 

Sprinkling  of  streets 

638.46 

jackets 

621.174 

Spur  gears 

621.832.1 

loops 

621.186.2 

Stairbuilding 

694 

packings 

621.186.2 

Stand-pipe  (water  supply) 

628.J1 

piping 

621.186.2 

State  control  of  railways 

385.3 

pressure  gages 

621.171 

Static  electricity 

537.2 

pressure  regulators 

621.186.2 

Statics 

531.2 

Production  of  in  locomotives 

621.133 

Station  signals 

656.253 

pumps  and  pumping  engines 

621.64 

Stationary  steam  engines 

621.16 

road  machines 

621.14 

Stations,  electric  railway 

621.335 

separators 

621.177 

for  special  purposes  (coal,  li 

ve 

shovels 

621.167 

sto)k,  etc.) 

656.213 

Transmission  and  distribution  of  621.186 

-     Freight,  arrangement  of 

656.212 

traps 

621.186.2 

Heating  and  lighting  of 

656.215 

Steam  turbine 

621.165 

passenger.  Arrangement  of 

656.211 

calculations 

621.165.11 

Railway 

656.21 

disc,  stresses  in 

621.165.14 

Street  railway 

625.615 

guide  vanes  and  noz- 

Union 

656.214 

zles 

621.165.13 
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Steam  turDine 

power  plants 

theory 

Types  of 

vanes  and  buckets 

621.102 

621.165.1 

621.165.2 

621.165.12 

Steam  Turbines 

621.165 

Combined  velocity  and 

pressure 
Construction  of 

621.165.23 
621.165.3 

Design  of 

621.165.3 

Pressure  type 
Velocity  type 
Windage  in 
Steel 

621.165.22 

621.165.21 

621.165.15 

669.1 

Alloys  of 

669.16 

Analyses  and  tests  of 

669.18 

Chemical  properties  of 
forging,  rolling,  etc. 
in  buildings 

669.124 

669.172 

691.75 

Manufacture  of 

669.14 

Metallurgy  of 
Painting  of 

669.1 
691.791 

Physical  properties  of 

669.123.3 

Properties  and  constants  of  669.12 

Protection  of                    "  691.79 

Refinement  and  purification  of  669.15 

roofing  695.5 

Sources  of  669.11 

Structure  and  composition  of  669. 122 

Tempering  of  669.174 

Uses  of  669.19 

Welding,  soldering  of,  etc.  669.173 

Working  and  treatment  of  669.17 

Steelworks  (architecture)  725.43 

Steels,  special  669.16 

Stenography  653 

Stokers,  mechanical  621.184.1 

Stone,  artificial  668.8     691.3 

Beton  coigniet  691.31 

Ransome  691.  32 

Selenitic  691.34 

Stone  construction  693.1 

building  material  691.2 

Protection  of  691.2 

Strength  of  620.13 

Stoneware  666.6 

Stoping  (mining)  622.27 

Storage  and  service  reservoirs  628. 13 


Storage  of  drawings  621.757 

Storm-water  flow  628.221 

Stoves,  heating  by  697.2 

Straightening  machinery  621.982 

Street  cleaning  and  sprinkling  628.46 

Street  railway  625.62 
administration  and  operation     625.622 

motive  power  625.626 

rates  656.236 

rolling  stock  625.627 

stations  625.625 

sub-grade  625.623 

taxes  625.621 

track  625.624 

traffic  625.621 

Street  railways  625.62 

Electric  621.331.4 

Elevated  621.331.43 

Subway  621.331.44 

Surface  621.331.42 
Strength  of  materials               539.4    620.1. 

Strength  of  springs  620.128.6 

Strikes  and  lockouts  621.705 
Study  and  teaching  of  engineering  62(07) 

Subgrade  (railroads)  625.12 

Subgrade  (street  railway)  625.613 

Subsidence  (sewerage)  628.33 

Substations  (electric)  621.311.6 

Subways  625.4 

Sulphur  in  iron  and  steel  669.152 

Superheating  of  steam  621. 1 74 
Superintendence  of  building 

construction  692.6 
Supervision  of  receipts  and 

expenses  656.237 

Surface  condensers  621.175.1 

Surface  grinding  machines  621.922 

Surface  transportation  (mines)  622.69 

Survey  of  railway  route  625.11 

Survey,  preliminary  625.11 

Surveying,  mine  622.14 

Surveys,  magnetic  622.15 

Surveys,  mineral  622.13 

Suspension  bridges  624.5 

Suspension  of  railway  cars  625.213 
Switch  and  signal  apparatus, 

interlocking  656.257 

Switch  board  panels  621.317.2 
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Switchboards  621.317 

Telegraph  621.364 

Telephone  621.367 

Switches  (railway)  625.151 

Safety  devices  for  656.259 

Switches  (electric)  621.317.3 

Dial  621.317.33 

Knife                             '  621.317.32 

Oil  621.317.35 

Plug  621.317.34 

Synchronous  commutating 

machines  621.312.5 

convertors       .  621.312.53 

machines  621.312.4 

motors  621.312.44 

telegraphy  621.363.4 

T 

Tail  races  621 .29 

Tank  sewers  628.28 

Tanks,  track  621.136.3 

Tar  (building  material)  691.96 

Taxes  (street  railway)  625.611 

Telegraph  537.81    654 

engineering  621.36 

instruments  621.364 

lines,  overhead  construction     621.361.3 

switchboards  621.364 

systems  621.363 

Use  of,  in  electric  traction        621.336.2 

Use  of,  in  transportation  656.254 

Telegraphy  (communication)  654 

Synchronous  621.363.4 

Wireless  621.363.6 

Telephorage,  electric  621.396.2 

Telephone  537.83     654 

bells  and  buzzers  621.366.6 

cal  ling  apparatus  621 .  366. 8 

condensers  621.366.5 

engineering                  ■  621.36 

induction  coils  621.366.4 

instruments  621.366 

power  plant  equipment  621.368 

receivers  621.366.2 

switchboards  621.367 

Automatic  621.367.8 

switching  devices  521.366.7 

Telephone  systems  621.365 

Automatic  621.365.34 


Central  switchboard 

Intercommunicating 

Party  line 

Transmitters 

Use  of,  in  transportation 
Temperature,  influence  of  on 
metals 

Measurement  of 

Measurement  of,  by  electric 
methods 

regulators,  electric 
Tempering  steel 
Tender  brakes 
Tenders 

Couplings  for 

Design  of 

Weight  of 
Terminals  and  stations,  railway 
Terra  cotta  (building) 

construction 
Testing  of  reinforced  concrete 

in  tension,  compression, 
flexture,  shear 

machines 

of  iron,  steel,  etc. 

of  power  plants 
Tests  of  air  compressors  and 
transmissions 

of  boilers 

of  cement 

of  concrete 

of  engines 

of  gas  engines 

of  gears 

of  iron  and  steel 

of  locomotives 

of  miscellaneous  steam 
apparatus 


621.365.4 
621.365.3 
621.365.2 
621.366.3 
656.254 

620.121 
536.5 

536.53 

621.398.7 

669^.174 

621.136.1 

621.136 

621.136.2 

621.136.1 

621.136.1 

656.21 

691.48 

693.3 

693.73 


620.124 

620.12 

620.12 

621.311(007) 

621.533 

621.187 

620.13 

620.13 

621.172 

621.435 

621.833 

669.18 

621.131.3 

621.173 


of  pumps  and  pumping  engines  621.643 

of  refrigerating  machinery  621.58 

Textile  factories  (architecture)  725.41 

Thatch  roofing  695.9 

Thawing,  electric  621.398.6 

Thermodynamics  536.7 

of  air  compression  621.534 

of  perfect  gases  536.71 

of  refrigeration  621.561 

of  steam  engine  and  heat  motors  536.73 
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Thermodynamics  of  vapors 

536.72 

Tramways 

625.62 

Thermometry 

536.51 

Transfer  boards  (telephone) 

621.367.4 

Thermostats,  electric 

621.398.7 

Transfer  tables 

625.156 

Third-rail  insulators 

621.332 

Transformers 

621.313.3 

Throttling  engines 

621.161 

Constant  current 

621.313.32 

Tile  (Chem.  Tech.) 

666.7 

Constant  potential 

621.313.31 

Floor 

691.471 

Motor 

621.313.34 

Roofing  and  ceiling 

691.472 

Phase  changing 

621.313.33 

Roofing 

695.3 

substations 

621.311.62 

Sewer 

691.49 

Transmission  of  steam 

621.186 

Tiles  (building  materials) 

691.46 

Hemp  rope 

621.853 

Hollow  structural 

691.47 

of  air,  designs  of 

621.532 

Timbering  of  mines 

622.28 

of  electrical  energy 

621.34 

Tin,  metallurgy  of 

669.6 

Overhead 

621.342.2 

Tinning  of  iron  and  steel 

691.792 

systems 

621.341 

Tires,  car 

625.212 

Alternating  current 

621.341.2 

Tonnage  rating 

656.225 

Composite 

621.341.3 

Tool  making 

62L716 

Continuous  current 

621.341.1 

Tools,  machine 

621.9 

Protecting  devices 

621.344 

Tools,  pneumatic 

621.542 

Retaining  and  supporting 

Tooth  curves 

621.831 

devices 

621.343 

Torsion 

539.3 

Underground 

621.342.3 

Track  (electric  traction) 

621.333.4 

Wire  rope 

621.854 

Track  (railway) 

625.14 

Transportation 

656 

equipment 

625.15 

by  horseless  vehicles 

656.3 

inspection 

625.145 

by  railways 

656.2 

laying 

625.144 

Cost  of 

656.232 

materials 

625.18 

in  mines 

622.6 

signals 

656.253 

Military 

656.229 

tanks 

621.136.3 

of  dangerous  freight 

656.227 

Traction  boilers 

621.181.2 

of  perishable  freight 

656.227 

engines 

621.14 

on  roads  and  highways 

656.1 

Tractive  force  of  locomotives 

621.131.1 

River  and  ocean 

387 

Trade  rules  (building  construction)  692.94 

tolls  and  rates 

656.231 

Trades,  mechanic 

680 

Traps  for  sewers 

628.256 

Traffic  (transportation) 

656.23 

Traps,  steam 

621.186.2 

Traffic,  division  of 

656.233 

Traveling  cranes 

621.872 

Traffic  (street  railway) 

625.611 

Tread  mills 

621.46 
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I.     Introduction 

1.  Preliminary. — Columns  form  an  important  element  in  re- 
inforced concrete  building  construction.  Many  tests  have  been 
made  on  cubes  and  short  prisms  to  determine  the  compressive 
strength  of  concrete.  The  method  of  making  the  test  pieces  and 
the  conditions  entering  into  the  tests,  as  compared  with  the  fabri- 
cation and  testing  of  columns,  do  not  permit  the  results  of  such 
tests  to  be  taken  as  representative  of  the  strength  of  concrete 
columns,  the  cubes  generally  having  a  stronger  and  more  uniform 
concrete  and  the  restraint  of  the  bearing  plates  giving  a  higher 
relative  load.  Comparatively  few  tests  have  been  made  on  col- 
umns, either  plain  or  reinforced,  and  many  of  these,  because  of 
variation  in  material  or  age  at  test  or  other  elements  of  strength, 
do  not  furnish  data  for  comparison  or  conclusion.  The  tests  herein 
recorded  were  made  as  a  preliminary  series,  to  open  up  the  field 
for  further  experimentation  here,  and  hence  were  not  considered 
to  be  complete  or  to  give  full  data  or  to  follow  in  all  respects  the 
most  approved  methods  of  design,  construction  and  testing.  It  is 
hoped,  however,  that  the  data  and  discussion  will  contribute  some- 
what to  the  knowledge  of  the  strength  and  behavior  of  plain  and 
reinforced  concrete  columns  and  perhaps  serve  to  w^arn  construct- 
ors against  the  use  of  high  working  stresses  for  columns  con- 
structed under  ordinary  working  conditions  and  with  concrete  of 
moderate  quality. 

2.  Scope  of  Bulletin. — Both  plain  and  reinforced  columns  were 
tested.  The  reinforcement  consisted  of  longitudinal  rods.  For 
part  of  the  columns  ties  were  carried  around  the  reinforcing  rods 
to  hold  them  in  place.  Not  only  was  the  strength  of  the  columns 
obtained,  but  the  proportion  taken  by  the  concrete  and  by  the 
steel  has  been  estimated  by  means  of  the  observed  relation  be- 
tween the  applied  load  and  the  resulting  shortening  of  the  column 
and  through  the  use  of  the  analysis  herein  given.  This  stress- 
deformation  relation  has  also  been  utilized  to  determine  other 
properties  of  the  columns.  Formulas  for  reinforced  columns  are 
given,  and  the  constants  to  be  used  are  discussed.  As  bearing  on 
this,  a  discussion  is  made  of  the  basis  for  factor  of  safety  and 
working  stress  for  plastic  materials  such  as  concrete  under  the 
conditions  of  the  distribution  and  application  of  load  to  be  found 
in  columns.     To  permit  a  comparison  to  be  made  with  the  results 
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of  other  tests,  a  summary  of  the  results  of  a  series  of  column  tests 
at  Watertown  Arsenal  is  included.  It  is  felt  that  this  comparison 
is  a  valuable  addition. 

3.  Acknowledgment. — The  investigation  was  made  in  the  Lab- 
oratory of  Applied  Mechanics  of  the  University  of  Illinois  as  a 
part  of  the  work  of  the  University  of  Illinois  Engineering  Experi- 
ment Station.  The  work  of  making  the  tests  on  the  columns,  cubes, 
and  cylinders  was  done  principally  as  thesis  work  by  Ralph  Corson 
Llewellyn,  a  senior  student  in  architectural  engineering,  class  of 
'06.  Mr.  Llewellyn  is  entitled  to  much  credit  for  the  intelligent 
thought  and  diligent  care  which  he  gave  to  the  work,  and  much  of 
the  trustworthiness  of  the  results  is  due  to  him.  The  review  of 
the  tests  which  he  gave  in  the  thesis  was  also  quite  creditable. 
Immediate  supervision  of  the  work  of  making  the  columns  and  of 
conducting  the  tests  was  given  by  D.  A.  Abrams,  Assistant  in  the 
Engineering  Experiment  Station,  whose  aid  in  this  and  in  inter- 
preting the  results  has  added  much  to  the  value  of  the  work. 
Acknowledgment  is  also  made  to  W,  R.  Robinson,  Assistant  in 
the  Engineering  Experiment  Station,  for  valuable  aid  in  the  pre- 
paration of  this  bulletin. 

The  following  division  of  the  subject  matter  of  the  bulletin 
has  been  made:  I.  Introduction;  II.  Materials,  Test  Pieces  and 
Method  of  Testing;  III.  Experimental  Data  and  Discussion. 

II.     Materials,  Test  Pieces   and  Method  of  Testing 

4.  Materials. — The  materials  used  in  making  the  columns  were 
similar  to  the  building  materials  ordinarily  used  in  concrete  con- 
struction in  the  middle  west.  The  sand,  stone  and  cement  were 
obtained  in  the  open  market. 

Stone. — The  stone  was  crushed  limestone  from  Kankakee, 
Illinois.  It  was  ordered  to  pass  over  a  i-in.  screen  and  through  a 
1-in.  screen.  Tests  showed  54%  voids,  as  found  by  pouring  the 
stone  slowly  into  water.  The  stone  was  nearly  pure  limestone, 
somewhat  soft  in  quality. 

Sand. — The  sand  was  of  good  quality,  well  graded,  sharp 
and  fairly  clean.  It  came  from  deposits  near  the  Wabash  river 
at  Attica,  Indiana.  An  average  of  five  determinations  showed  it 
to  contain  28%  voids.  The  result  of  the  mechanical  analysis  is 
given  in  Table  1. 
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TABLE  1. 

Mechanical  Analysis  of  Sand. 


Sieve  No. 

Diameter  of  Mesh 
inches 

cPer  cenfc  Passing 

4 
10 
20 
50 
74 
100 

.096 
.040 
.019 
.011 

100.0 

73.0 

36.0 

16.0 

5.0 

2.0 

Cement. — Chicago  A  A  portland  cement  was  used  for  all  the 
tests.     It  was  bought  from  a  local  dealer.     Table   2    gives   the 


TABLE  2. 
Tensile  Strength  op  Cement. 


Ultimate  Stren 

2fth,  lb.  per.  sq.  in. 

Eef. 
No 

Age  7  Days 

Age  60  Days 

Neat 

1-3  Mortar 

Neat 

1-3  Mortar 

1 

634 

283 

890 

443 

2 

717 

281 

916 

440 

3 

732 

275 

840 

442 

4 

687 

217 

942 

365 

5 

580 

206 

872 

352 

6 

731 

189 

885 

Av. 

680 

242 

892 

404 

strength  of  standard  briquettes  of  neat  cement  and  of  1-3  mortar 
for  age  of  7  and  60  days. 

Concrete. — Men  skilled  in  mixing  concrete  were  employed, 
and  an  effort  was  made  to  have  the  diiferent  batches  of  a  uniform 
quality.  All  of  the  concrete  was  made  of  the  proportions  1  of 
cement,  2  of  sand,  3f  of  stone,  measured  by  loose  volume.  It  was 
intended  to  use  a  1-2-4  mixture,  but  the  large  percentage  of  voids 
made  it  seem  desirable  to  increase  the  amount  of  mortar.  The 
concrete  will,  however,  generally  be  referred  to  as  a  1-2-4  mixture. 
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The  mixing  was  done  with  shovels  by  hand.  The  sand  and  ce- 
ment were  first  mixed  together  dry.  The  stone  was  then  added 
and  the  mass  turned  several  times  with  the  shovels.  When  thor- 
oughly mixed,  water  was  added  and  the  whole  mass  turned  until 
uniform  in  appearance.  A  fairly  wet  mixture,  as  indicated  fur- 
ther in  the  description  of  the  making  of  the  columns,  was  used,  as 
this  could  be  tamped  into  the  forms  to  better  advantage.  The 
average  weight  of  the  concrete  at  the  time  of  testing,  figured  from 
the  weight  of  the  cubes,  was  about  147  lb.  per  cu.  ft. 

Steel. — The  reinforcement  used  in  the  columns  consisted  of 
plain  round  mild  steel  bars.  It  was  furnished  by  the  Illinois 
Steel  Company  and  was  an  even  grade  of  open  hearth  steel. 
Vertical  rods,  f-in.  in  diameter  were  used  in  the  12-in.  columns 
and  rods  f-in.  in  diameter  in  the  9-in.  columns.  All  ties  were 
made  of  i-in.  round  rods.  The  yield  point  of  the  steel  averaged 
39,800  lb.  per  sq.  in. ,  the  ultimate  strength  averaged  59,200  lb.  per 


TABLE  3. 

Tension  Tests  of  Steel  Used  in  Columns. 
Average  Values. 


d 

CO 
4) 

Per  cent- 

Yield 

Maxi- 

Yield 

Ultimate 

Elongation 

Point 

Point 

Strength 

o 
O 

a 

Q 

in  8  in. 

pounds 

pounds 

lb.  per  sq.  in. 

lb.  per  sq.  in. 

1 

.752 

31.2 

17600 

26230 

39750 

59200 

2 

.618 

32.4 

11850 

17850 

39500 

59500 

3 

.751 

30.9 

18100 

27280 

40870 

62000 

6 

.622 

30.1 

11770 

17710 

38650 

58300 

7 

.749 

32.2 

17640 

25530 

40030 

58000 

10 

.623 

31.8 

12070 

17920 

39280 

58820 

11 

.751 

30.6 

18480 

26780 

41820 

60520 

12 

.623 

31.8 

12050 

17800 

37070 

58470 

14 

.619 

29.1 

11900 

18350 

39450 

60820 

16 

.623 

30.6 

11030 

17460 

39470 

58100 

17 

.625 

31.5 

12130 

17900 

39500 

58350 

Av 

30.9 

39800 

59200 

sq.   in.,  and   the  elongation    in   eight  inches    averaged   30.9    %. 
Table  3  shows  the  results  of  the  tests  of  steel  used  in  the  columns. 
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5.  Test  Specimens. — In  making  the  test  specimens,  the  effort 
was  made  to  have  the  conditions  of  fabrication  as  nearly  as  pos- 
sible the  same  in  every  case.  In  general  two  specimens  of  each 
kind  were  made,  so  that  one  would  act  as  a  check  upon  the  other. 
Three  types  of  specimens  were  made, — (a)  cubes,  (b)  cylinders 
and  (c)  columns,  the  concrete  for  all  being  of  the  l-2-3f  mixture 
described  above.    Data  for  the  test  specimens  are  given  in  Table  4. 

(a)  Cubes. — 17  cubes  were  tested,  all  of  12-in.  edge.  They 
were  generally  made  in  pairs,  the  concrete  being  taken  from  the 
mix  used  in  the  columns  of  corresponding  number.  The  concrete 
for  the  cubes  was  taken  from  the  middle  of  the  batch,  and  is 
thought  to  be  representative.  In  the  case  of  columns  mixed  in 
two  batches  one  cube  was  made  from  each  batch.     The  concrete 
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Fig.  1.    Forms  for  Columns  and  Cylinders. 

was  well  tamped  into  the  forms,  and  was  troweled  around  the 
sides^with  a  bricklayer's  trowel  to  insure  a  good  surface  on  the 
cubes.  The  conditions  of  storage  were  the  same  for  the  cubes 
as  for^he  columns,  the  forms  being  taken  off  of  correspondingly 
numbered  specimens  at  the  same  time. 
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TABLE  4. 
List  of  Test  Specimens. 


Col 

umns 

Minor 

Specimens 

Nominal 

Size 

in.xln.x  ft. 

Area  of 
Cross- 
section 
sq.  in. 

Reinforcement 

Cubes 

6 

Kind 

Area 

Cylinders 

'o 

sq. in. 

per 
cent 

1 

12x12x12 

147.4 

4— l-in.  rods 

1.77 

1.20 

2 

9x  9x12 

80.6 

4— f-in.  rods 

1.23 

1.52 

Cube  2i 
Cube  2^ 

V 

3 

12x12x12 

146.2 

4 — |-in.  rods 
12— i-in.  ties 

1.77 

1.21 

4* 

9x  9x12 

182.0 

Plain 

0. 

0. 

Cube  4 

5 

12x12x12 

146.4 

Plain 

0. 

0. 

Cube  5i 
Cube  53 

Cylinder  5 

6 

9x  9x12 

80.9 

4— l-in.  rods 

1.23 

1.52 

7 

12x12x12 

145. 5 

4— i-in.  rods 

1.77 

1.21 

Cube  7i 
Cube  I2 

8 

9x  9x12 

80.8 

Plain 

0. 

0. 

9 

12x12x12 

146.6 

Plain 

0.. 

0. 

Cylinder  9 

10 

9x  9x12 

82.0 

4--|-in.  rods 
12— i-in.  ties 

1.23 

1.50 

Cube  10 1 
Cube  lOo 

Cylinder  10^ 
Cylinder  IO3 

11 

12x12x12 

145.2 

4— l-in.  rods 
12 — i-in.  ties 

1.77 

1.21 

Cube  111 
Cube  11 2 

12 

9x  9x  9 

82.7 

4 — l-in.  rods 
9— i-in.  ties 

1.23 

1.48 

Cylinder  12^ 
Cylinder  123 

13 

12x12x12 

148.8 

Plain 

0. 

0. 

Cylinder  13 

14 

9x  9x12 

82.0 

4— l-in.  rods 
12 — i-in.  ties 

1.23 

1.50 

15 

12xl2x  6 

148.0 

Plain 

0. 

0. 

Cube  15 1 
Cube  152 

16 

9x  9x  9 

82.5 

4 — |-in.  rods 
9 — i-in.  ties 

1.23 

1.49 

Cube  16i 
Cube  I62 

Cylinder  I61 
Cylinder  I62 

17 

9x  9x  6 

83.6 

4— l-in.  rods 

1.23 

1.47 

18 

9x  9x  6 

83.6 

Plain 

0. 

.0. 

*No.  4  was  accidentally  shattered  in  placing  in  machine  and  is  not  further  considered. 
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(b)  Cylinders. — Only  9  cylinders  were  tested.  They  were 
8  in.  in  diameter  and  16  in.  long,  and  were  made  in  the  wrought 
iron  forms  shown  in  Pig.  1.  They  were  made  from  the  same  con- 
crete as  the  columns  of  corresponding  numbers,  and  were  treated 
in  the  same  manner  as  the  columns  and  cubes. 

(c)  Columns.— Three  series  of  columns  were  made,  one  of 
plain  concrete  with  no  reinforcement,  one  reinforced  with 
vertical  rods  in  the  corners  only,  and  one  reinforced  with  vertical 
rods  in  the  corners  tied  together  by  ties  of  i-in.  rods  every  12  in. 
in  height.  All  columns  were  made  square  in  cross-section,  two 
sizes  being  used,  9  in.  and  12  in.  Three  lengths  of  columns  were 
used, — 6,  9  and  12  ft.  The  sizes  and  arrangement  of  the  steel  are 
shown  in  Fig.  2. 

•  This  cot-ner  of  fie  at  a'/ffefenf 
^offiefs  of  cofuff  if>  fotafiofi. 


9  Columns  with 
VERTICAL  Rods 


S  COLUMN'S  wirK 
Vertical  Rods  and  T/ES 


Fig.  2.    Arrangement  of  Reinforcement. 

The  ties  were  made  by  bending  i-in.  steel  rods  while  cold 
about  a  suitable  form.  The  vertical  rods  were  in  all  cases  cut  1 
in.  shorter  than  the  finished  length  of  the  column,  it  being  in- 
tended to  have  2  in.  of  concrete  over  the  rods  at  each  end.  In 
some  cases,  however,  the  rods  settled  before  the  concrete  set  until 
the  end  was  found  flush  with  the  bottom  of  the  column. 

6.  Foi'msfor  Coliimiis. — The  forms  for  the  columns  were  made 
of  2-in.  pine  plank,  planed  on  both  sides.     Drawings  of  the  forms 
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for  the  12-m.  columns  are  shown  in  Fig.  1 ,  which  are  also  typical 
of  the  forms  for  the  9-in.  columns.  Three  sides  of  the  forms  were 
made  of  continuous  pieces  for  the  full  height  of  the  column,  while 
the  fourth  side  was  made  up  of  2-ft.  lengths.  The  forms  were 
held  together  with  braces  of  2- in.  x  4-in.  pieces  and  i-in.  bolts. 
Wedges  were  used  to  adjust  the  form  to  the  correct  width  and  to 
hold  it  while  the  concrete  was  put  in.  It  will  be  noticed  that  all 
parts  of  the  forms  are  reversible,  so  that  the  sides  can  be  turned 
over  if  they  become  warped  through  use.  Three  forms  each  were 
made  for  the  9-in.  and  the  12-in.  columns,  this  number  being  suffi- 
cient to  allow  the  forms  to  remain  on  the  columns  about  two  weeks 
before  being  needed  for  other  specimens. 

7.  Making  of  Columns. — The  forms  were  soaked  in  water 
for  a  few  days  before  being  set  up.  This  kept  the  wood  from 
drawing  very  much  water  out  of  the  concrete  and  also  decreased 
the  tendency  of  the  forms  to  warp.  For  the  reinforced  columns, 
the  rods  were  put  in  place  and  fastened  by  temporary  wooden 
blocks  before  any  concrete  was  put  in,  the  blocks  being  removed 
as  the  concrete  was  put  into  the  forms.  The  concrete  for  the 
12-in.  X  12-in.  x  12-ft.  columns  was  mixed  in  two  batches,  care 
being  taken  to  have  both  as  nearly  alike  as  possible.  For  all 
other  columns,  the  concrete  was  mixed  in  one  batch.  The  con- 
crete was  put  in  in  6-in.  layers,  each  layer  being  thoroughly 
tamped  or  churned,  troweled  around  the  sides  to  improve  the  sur- 
face, and  then  tamped  again.  The  consistency  of  the  mixture 
was  such  that  with  a  4-in.,  10-lb.  tamper,  efforts  at  tamping  gen- 
erally resulted  in  churning  the  mass,  and  water  was  constantly 
present  on  the  top.  When  the  column  had  been  built  up  to  the 
top  of  the  first  2-ft.  section  of  the  open  face  of  the  form,  another 
2-ft.  section  was  added,  and  the  process  carried  on  without  inter- 
mission until  the  column  was  complete.  In  the  columns  with  ties, 
the  ties  were  placed  12-in.  apart,  as  the  concrete  was  filled  in,  the 
first  tie  being  always  6-in.  from  the  bottom  of  the  column. 

8.  Storage  of  Columns — The  forms  were  allowed  in  most  cases 
to  remain  on  the  columns  for  a  period  of  14  days  after  making. 
Nothing  other  than  this  was  done  to  protect  the  surface  of  the 
columns  from  drying  out  too  rapidly  in  the  air.  The  temperature 
of  the  laboratory  in  which  the  columns  were  made  ranged  from 
60°  F.  to  70°  F.  The  forms  protected  the  columns  enough  to  pre- 
vent the  warmer  air  at  the  top  of  the  room  from  affecting  the  re- 
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suits  of  the  tests  to  any  great  extent.  The  columns  were  not  moved 
from  the  vertical  position  in  which  they  were  made  until  they 
were  tested.  It  was  intended  to  test  each  specimen  at  the  age  of 
60  days  but  owing  to  a  delay  in  receiving  some  of  the  instruments, 
the  general  age  of  the  specimens  was  somewhat  greater  than  this. 

9.  Summary  of  Test  Pieces. — Table  4  gives  a  list  of  all  the 
test  specimens  made,  together  with  the  size,  and  amount  and  kind 
of  reinforcement.  Specimens  having  corresponding  numbers  were 
made  from  the  same  batches  of  concrete.  Columns  17  and  18 
were  not  made  with  the  same  care  as  the  other  test  specimens, 
being  intended  for  30-day  preliminary  tests,  but  finally  were  used 
at  about  the  same  age  as  the  other  columns. 

10.  Testing  Machines  Used. — The  machine  used  in  testing  the 
columns  and  cubes  was  a  Riehle  vertical  screw  machine  with  a 
capacity  of  600,000  pounds.  Because  of  its  design,  it  was  admir- 
ably adapted  to  carrying  on  the  tests  described  here.  The  verti- 
cal screws  are  36  inches  apart,  and  a  guide  frame  prevents  any 
lateral  movement  of  the  head.  The  machine  has  six  speeds,  of 
which  only  the  slowest,  .05  inches  per  minute,  was  used  in  these 
tests.  The  frontispiece  shows  the  machine,  the  scale  case  and 
controlling  levers,  and  also  a  column  in  position  for  testing.  The 
cylinders  were  tested  on  a  100,000-lb.  Riehle  testing  machine. 
The  slowest  speed  of  the  machine,  0. 1  inches  per  minute,  was  used 
for  the  tests. 

11.  Method  of  Setting  Specimens  in  Machine. — Cubes.- — The 
cubes  were  set  in  the  machine  in  plaster  of  paris  in  a  manner  simi- 
lar to  that  which  will  be  described  for  the  columns.  Pieces  of 
building  paper  were  placed  between  the  plaster  and  the  bearing 
blocks  of  the  machine  to  protect  the  latter. 

Cylinders. — The  cylinders  were  set  in  plaster  and  in  addition 
a  bearing  block  having  two  spherical  surfaces  of  contact  was 
placed  above  the  specimen. 

Columns. — The  columns,  when  ready  to  be  tested,  were  moved 
from  the  place  where  they  were  made  to  the  machine  by  means  of 
a  four-legged  crane,  built  especially  for  moving  beams  in  the  lab- 
oratory. This  crane  was  high  enough  so  that  the  columns  could 
be  raised  vertically  off  of  the  floor  by  a  block  and  tackle  at  one  end 
of  the  crane.  The  tackle  was  fastened  to  a  rope  looped  around 
the  column  slightly  above  its  center  of  gravity,  the  top  of  the  col- 
umn being  steadied  by  ropes  tied  to  the  top  of  the  crane.     After 
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being  wheeled  to  the  machine  in  this  almost  vertical  position,  two 
tackles  on  the  machine  were  attached  to  opposite  faces  of  the  col- 
umn near  the  top.  The  column  could  then  be  swung  directly  over 
the  bearing  block  on  the  weighing  table  of  the  machine.  A  thin 
layer  of  rather  slow-setting  plaster  of  paris  was  then  spread  upon 
the  bearing  plate  and  the  column  lowered  to  a  bearing  in  the  plast- 
er. Care  was  taken  that  the  column  was  directly  in  the  center  of  the 
machine  and  that  it  was  plumb.  The  column  was  held  in  the  pro- 
per position  until  the  plaster  bearing  had  set,  after  which  the 
tackles  were  removed  and  a  layer  of  plaster  applied  to  the  top  of 
the  column.     The   head  of  the  machine  was  run  down  on  this 
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Fig.  3.    Extensometer  Device. 
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'plaster  which  was  allowed  to  set  under  a  load  of  several  thousand 
pounds.  A  piece  of  galvanized  sheet  iron  was  used  between  the 
column  and  the  pulling  head  of  the  machine  to  protect  the  latter 
from  the  plaster.  This  method  of  setting  the  columns  in  plaster 
assists  in  giving  a  uniform  bearing  over  the  entire  area  of  the 
specimen. 
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12.  Pleasuring  Devices. — The  shortenings  or  longitudinal  de- 
formations of  the  columns  were  read  by  means  of  an  extensome- 
ber  especially  devised  for  these  tegts.  (See  Fig.  3).  The  exten- 
someters  were  so  arranged  as  to  indicate  the  deformation  in  the 
center  of  each  face  of  the  column.  The  dials  were  arranged  in 
pairs,  those  on  opposite  faces  of  the  column  being  on  the  same 
yoke.  The  yokes  were  fastened  to  the  column  by  means  of  four 
contact  points,  two  on  each  opposite  face.  These  contact  points 
were  9  inches  apart  for  the  12-in.  and  6  inches  apart  for  the  9- 
in.  columns  and  were  placed  symmetrically  with  regard  to  the 
center  Hne  of  the  column.     The  two  yokes  carrying  the  dials  were 

Top  


Fig.  4.    Arrangement  op  Apparatus. 

placed  3  inches  apart  at  the  bottom  of  the  column,  while  the  yokes 
carrying  the  corresponding  extensometer  bars  were  placed  in  a 
similar  position  at  the  top  of  the  column.  The  gauged  length  was 
usually  about  12  inches  less  than  the  length  of  the  column.  The 
extensometer  bars  were  made  of  seasoned  maple  with  steel  blades 
at  the  ends  to  make  contact  with  the  rollers  of  the  dials,  which 
were  so  arranged  that  the  blades  of  the  extensometer  bars  could 
be  held  against  the  rollers  by  means  of  rubber  bands.  The 
dials,  which  were  4 J  inches  in  diameter,  read  to  ten- thousandths 
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TABLE  5. 
Summary  of  Column  Tests. 


Keinforcemenb 

Maximum  Load 

Age 
days 

d 
O 

Kind 

per 
cent 

Total 
pounds 

lb.  per  sq.  in. 

of 
Gross  Section 

Manner-  of  Failure 

1 

4— l-in. 

rods 

1.20 

234000- 

1587 

71 

Crushed  on  one  side, 
4  ft.  from  bottom 

2' 

4— f-in. 

rods 

1.52 

127000 

1577 

69 

Crushed  out  near  top 

3 

4— l-in. 
12— i-in. 

rods 
ties 

1.21 

272000 

1862 

71 

Crushed  out  1  ft.  from 
bottom.  Rods  final- 
ly buckled 

5 

Plain 

0. 

250200 

1710 

69 

Crushed  and  sheared 
diag-onally,  1^  ft.  be- 
low top 

6 

4 — f-in. 

rods 

1.52 

129400 

1600 

70 

Crushed  out  1  ft.  from 
bottom.  Kods  finally 
buckled 

7 

4— l-in. 

rods 

1.21 

269000 

1850 

65 

Crtished  and  sheared 
5  ft.  from  bottom 

8 

Plain 

0. 

162000 

2004 

64 

Top  sheared  off 

9 

Plain 

0. 

236000 

1610 

65 

Crushed  and  sheared 
off  at  top 

10 

4— f-in. 
12— i-in. 

rods 
ties 

1.50 

105000 

1280 

65 

Crushed  out  1  ft.  from 
bottom.  Rods  finally 
buckled 

11 

4— l-in. 
12— i-in. 

rods 
ties 

1.21 

281200 

1936 

65 

Crushed  H  fb-  from 
top 

12 

4— l-in. 
9— i-in. 

rods 
ties 

1.48 

193100 

2335 

66 

Crushed  1  ft.  below 
top 

13 

Plain 

0. 

254000 

1709 

61 

Crushed  in  middle  of 
length 

14 

4— f-in. 
12— i-in. 

rods 
ties 

1.50 

112000 

1367 

63 

Crushed  li  ft.  below 
top 

15 

Plain 

0. 

176000 

1189 

63 

Crushed  1  ft.  from  top 

16 

4— f-in. 
9— i-in. 

rods 
ties 

1.49 

132500 

1607 

59 

Crushed     at      center 
Rods  finally  buckled 

17 

4— f-in. 

rods 

1.47 

184400 

2206 

67 

Crushed  1  ft.  from  top. 
Eods  finally  buckled 

18 

Plain 

0. 

90300 

1079 

65 

Crushed  1  ft.  below  top 
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of  an  inch.  A  clearer  idea  of  the  extensometers  and  method  of 
using  them  may  be  obtained  from  Fig.  4  and  also  from  the  vari- 
ous photographs  of  the  tests.  Usually  two  men  were  engaged  in 
taking  the  readings. 

The  lateral  deflections  of  some  of  the  columns  were  measured 
roughly  by  means  of  a  thread  and  scale,  fastened  on  the  column  as 
shown  in  Fig.  4.  These  readings  were  used  only  as  a  check  on 
the  way  the  column  was  deflecting. 

13.  Application  of  the  Load. — In  testing  the  columns,  the  load 
was  applied  in  increments  of  about  10,000  pounds,  the  operator 
holding  the  load  and  the  observers  taking  the  readings  about  30 
seconds  after  the  load  was  •  attained.  The  machine  speed  was  .05 
inches  per  minute.  In  six  columns  the  load  was  increased  pro- 
gressively until  failure  occurred.  In  ten  the  load  was  released  at 
one-third  to  two-thirds  of  the  ultimate,  and  then  reapplied.  In 
one  the  load  was  released  twice. 

III.  Experimental  Data  and  Discussion  .   . 

14.  Column  Test  Data. — Table  5  gives  data  of  the  age  of  test, 
maximum  load  on  column,  and  manner  of  failure.  The  propor- 
tion of  the  load  taken  by  the  concrete  and  by  the  steel  is  consid- 
ered in  a  succeeding  paragraph. 

15.  Phenomena  of  the  Column  Te.sfs.— Most  of  the  columns 
failed  in  either  the  top  or  bottom  third  of  the  length,  only  three 
failing  at  or  near  the  center.  Ten  failed  in  the  top  third  and  four 
in  the  bottom  third.  The  numerous  failures  near  the  top  may 
possibly  be  due  to  drying  out  of  the  top  of  the  columns,  or  more 
probably  to  the  naturally  greater  porosity  of  the  concrete  there. 

In  most  cases,  little  warning  in  the  way  of  cracks  or  sounds 
was  given  before  the  maximum  load  was  reached.  Five  of  the  col- 
umns, all  reinforced  ones,  gave  warning  by  noises  or  vertical 
cracks  slightly  before  the  concrete  sustained  the  maximum  stress. 
Eight  columns,  including  all  the  plain  ones,  showed  no  sign  of 
failure  until  the  maximum  load  on  the  concrete  was  reached.  The 
remaining  four  showed  first  sign  of  failure  after  reaching  the 
maximum  stress  in  the  concrete  but  before  the  maximum  load 
taken  by  the  column  as  a  whole  was  attained. 

The  plain  columns  failed  suddenly,  an  explosive  noise  some- 
times accompanying  the  crushing.  The  failure  of  the  reinforced 
columns  was  usually  first  indicated  by  vertical  hair  cracks  after 
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which  the  column  commenced  to  bulge  at  the  point  of  failure. 
Since  in  practically  every  failure  the  reinforcing  rods  buckled,  it 
would  seem  at  first  thought  that  the  failure  was  caused  by  a  lat- 
eral deflection  of  the  rods,  resulting  in  splitting  of  the  concrete 
outside  the  reinforcement,  but  in  the  discussion  of  the  observa- 
tions it  will  be  shown  that  this  buckling  occurred  after  the  failure 
of  the' concrete. 

The  following  notes  show  the  principal  features  of  the  tests 
of  individual  columns: 

Column  No.  1.  At  about  the  maximum  load  fine  cracks  ap- 
peared on  one  face  4  ft.  above  the  bottom  and  soon  spread  to  the 
adjoining  face,  but  no  crack  appeared  on  the  opposite  face. 
Failure  occurred  at  this  point.  Fig.  5  shows  the  appearance  of  the 
cracks  on  the  face  first  showing  sign  of  failure.  At  the  maximum 
load  the  column  deflected  laterally  at  the  middle  of  its  length  0.22 
in.  in  a  direction  away  from  the  face  on  which  failure  first  showed. 
This  column  gave  the  greatest  lateral  deflection  measured,  the 
next  highest  being  only  one-third  as  much.  At  a  load  of  167,000 
lb.  (1132  lb.  per  sq.  in.)  hair  cracks  appeared  at  the  top  of  the  col- 
umn but  these  did  not  develop  further.  With  the  continued  ap- 
plication of  the  load  after  the  maximum  had  been  reached,  the 
concrete  broke  out,  accompanied  finally  b3^  buckling  of  the  rein- 
forcing rods. 


Co/.  1 


Col.    Of 


Co/.  O 


Co/.  S. 


Co/.  /O 


Fig.  5.    Typical  Failures. 

Column  No.  2.  Failed  by  crushing  at  top,  the  first  crack  ap- 
pearing near  one  corner  at  the  maximum  load.  Failure  occurred 
immediately.  A  few  cracks  had  appeared  at  the  bottom  of  the 
column  but  these  did  not  develop  further.  It  would  appear  that 
the  top  end  was  weaker  than  the  remainder  of  the  column. 

Column  No.  3.  Failed  by  crushing  at  a  point  12  inches  above 
the  bottom  at  the  maximum  load.  With  continued  application, 
all  vertical  rods  buckled  between  the  two  ties.  Fig.  5  shows  the 
final  condition  at  the  point  of  failure. 
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Column  No.  4.  This  column  was  accidentally  broken  in  set- 
ting it  in  the  machine.     It  is  not  considered  in  this  report. 

Column  No.  5.  Failed  at  maximum  load  by  crushing  and 
shearing  off  completely  on  a  diagonal  line.  No  warning  cracks 
appeared  before  maximum  load  was  reached.  The  shearing  plane 
extended  from  a  point  9  in.  below  the  top  on  one  face  to  2  ft.  5  in. 
on  the  opposite  face. 

Column  No.  6.  In  this  column  the  reinforcing  rods  extended 
through  to  the  bottom  of  the  concrete  and  thus  had  a  direct  bear- 
ing on  the  bed  of  the  machine.  The  first  crack  appeared  just  be- 
fore the  maximum  load  taken  by  the  concrete  was  reached.  Fail- 
ure occurred  by  compression  of  the  concrete  12  in.  above  the  base, 
and  with  continued  application  of  the  load  the  rods  buckled  at  this 
point. 

Column  No.  7.  Failed  by  compression  of  the  concrete  at  a 
point  about  5  ft.  above  the  base,  followed  a  little  later  by  buck- 
ling of  the  rods.  With  continued  application  of  a  load  neairly  as 
great,  the  column  finally  sheared  off  diagonally  with  a  loud  ex- 
plosive noise  to  a  point  2  ft.  6  in.  above  the  base.  Fig.  6  shows 
the  manner  of  failure.  The  greatest  lateral  deflection  was  0.05  in. 

Column  No.  8.  Failed  without  warning  cracks  by  crushing 
at  the  top  and  shearing  diagonally  to  a  point  2  ft.  4  in.  below. 

Column  No.  9.  Failed  without  warning  cracks  and  without 
noise  by  crushing  diagonally  about  18  inches  below  the  top.  Fig. 
5  shows  two  faces. 

-  Column  No.  10.  Failed  by  crushing  out  between  the  bottom 
two  ties,  12  in.  from  the  base.  The  concrete  broke  out  near  the 
vertical  rod  on  one  corner.  This  rod  was  found  to  rest  directly 
upon  the  bed  of  the  machine  at  the  completion  t)f  the  test.  The 
lateral  deflection  was  .02  in.     Fig.  5  shows  one  face  after  failure. 

Column  No.  11.  A  coroner  was  knocked  off  of  the  top  of  the 
column  for  a  distance  of  2h  in.  each  way  while  setting  it  in  the 
machine.  Failure  occurred  by  crushing  between  upper  two  ties 
16  in.  below  the  top  after  the  maximum  stress  on  the  concrete  had 
been  passed.     The  lateral  deflection  was  .07  in. 

Column  No.  12.  Failed  by  crushing  between  upper  two  ties 
13  in.  below  the  top.  First  crack  appeared  at  maximum  load  on 
the  column,  after  the  maximum  stress  on  the  concrete  had  been 
passed.     Crackling  sounds  were  heard  at  2,275  lb.  per  sq.  in. 
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Column  No.  13.  Failed  by  crushing  nearly  squarely  across 
at  the  center  of  the  height  of  the  column.  Vertical  cracks 
extended  half  the  length  of  the  column.  No  cracks  appeared 
before  maximum  load  was  reached. 

Column  No.  14.  Failed  by  crushing  at  from  12  to  22  in.  below 
the  top.  With  continued  applicatiop  of  the  load  the  rods  buckled 
between  the  top  two  ties.  Maximum  lateral  deflection  of  column 
was  .02  in. 

TABLE  ,6. 
Tests  op  Cubes  and  Cylinders. 


Cubes 

Cylinders 

Maximum  Load 

Maximum  Load 

Age 

Age 

1^0. 

at 
Test 

Total 

No. 

at 
Test 

Total 

days 

pounds 

lb.  per  sq.  in. 

days 

pounds 

lb.  per  sq.  in. 

2i 

67 

282400 

1970 

5 

68 

85600 

1758 

2., 

67 

280000 

1954 

9 

59 

55000 

1112 

5i 

61 

333100 

2314 

10: 

80 

52000 

1068 

5„ 

61 

368700 

2572 

lOg 

80 

61000 

1233 

7, 

69 

256500 

1790 

12i 

78 

100320 

2088 

7„ 

70 

383000 

2672 

123 

80 

95000 

1920 

10, 

64 

273100 

1897 

16 1 

69 

75500 

1525 

lOg 

76 

332500 

2308 

16, 

69 

59100 

1212 

11 1 

75 

353500 

2453 

lU 

75 

337000 

2340 

15i 

67 

282400 

1970 

15^ 

67 

280000 

1954 

16 1 

66 

305100 

2090 

16  o 

66 

348000 

2417 

18 1 

39 

213000 

1472 

I82 

39 

223400 

1550 

Av. 

2100 

1490 

Column  No.  15.  Failed  by  crushing  at  about  12  in.  from  the 
top,  vertical  cracks  appearing  on  all  sides  when  maximum  load 
was  reached.     No  cracks  appeared  previously. 

Column  No.  16.  Failed  by  crushing  near  the  center  of  the 
length  of  the  column,  the  first  crack  appearing  just  before  the 
maximum    load    on  the  column,  and  some  time    after  the   max- 


TALBOT — TESTS  OF  CONCRETE  COLUMNS 


19 


imum  stress  in  the  concrete  had  been  reached.  With  further 
application  of  the  load  vertical  rods  buckled  between  three  suc- 
cessive ties. 

Column  No.  17.  Failed  by  crushing  at  maximum  load  12  in. 
below  the  top.     Rods  finally  buckled  between  top  two  ties. 

Column  No.  18.  Failed  by  crushing  at  maximum  load  12  in. 
below  top.     This  column  showed  poor  concrete. 
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Fig.  7.    Stress-deformation  Diagram  for  (Column  No.  5. 

16.     Cube  and  Cylinder  Test  Data. — Table  6  gives  data  of  the 
age  at  test  and  of  the  compressive  strength  of  the  cubes  and  cyl- 
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inders  which  were  made  from  the  same  batches  of  concrete  as  the 
corresponding  columns.     Reference  to  the  strength  of  the  con- 


Fig.  8.  Stress-deformation  Diagram  for  Column  ISTo.  12. 
Crete  in  the  columns  given  in  Tables  7  and  8  shows  that  the  cubes 
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and  cylinders  correspond  to  the  weaker  rather  than  to  the  stronger 
columns. 

17.  Stress-deformation  Diagrams. — In  Fig.  13  to  29,  following 
the  text,  and  in  the  sample  figures  (Fig.  7  and  Fig.  8)  given  in 
the  text,  the  stress-deformation  diagrams  represent  the  observed 
loads  and  the  corresponding  deformations  or  shortenings  for  the 
columns  tested.  The  ordinates  (vertical  distances  on  the  diagram) 
represent  the  loads  or  pressure  per  square  inch  on  the  columns. 
For  the  reinforced  concrete  columns,  for  convenience  of  calcula- 
tion, the  unit-loads  given  on  the  diagram  are  based  upon  the  gross 
area  of  the  column.  The  bearing  of  this  assumption  upon  the 
stresses  in  the  concrete  is  discussed  elsewhere.  The  abscissas 
(horizontal  distances  on  the  diagram)  represent  the  unit-deforma- 
tions, or  shortenings  per  unit  of  length,  determined  from  the  ob- 
served extensometer  readings  for  the  gauged  length  used.  These 
values  are  the  averages  for  the  readings  on  the  four  faces  of  the 
column.  In  general,  the  readings  on  the  four  faces  varied  but 
little  from  each  other,  as  would  be  the  case  if  the  head  of  the  ma- 
chine moved  parallel  with  itself  and  the  column  deflected  laterally 
but  slightly. 

In  these  diagrams  the  amount  of  deformation  is  calculated  by 
using  as  the  zero  reading  the  extensometer  reading  at  the  orig- 
inal zero  of  load  or  load  at  which  the  first  reading  was  taken.  In 
other  words,  the  deformation  shown  is  independent  of  any  set 
which  the  load  may  have  produced  in  the  concrete.  Whether 
gross  or  net  (elastic)  deformations  are  to  be  considered  in  discus- 
sing the  results  of  tests  depends,  of  course,  on  the  use  which  is  to 
be  made  of  the  results.  In  a  discussion  of  the  action  and  effect 
of  longitudinal  reinforcing  bars,  it  would  seem  that  gross  or  total 
deformations  should  be  used  rather  than  net  or  elastic  deforma- 
tions, and  this  is  one  reason  for  choosing  to  use  gross  deforma- 
tions here.  Since  nothing  is  known  of  the  shrinkage  stresses  in 
the  concrete  and  steel,  no  consideration  of  their  effect  will  be  made. 

The  "Line  for  initial  modulus  of  elasticity"  given  on  the  dia- 
grams is  the  tangent  at  zero  load  for  a  parabola  which  has  been 
found  to  fit  the  stress-deformation  curve  closely.  The  analysis 
and  formula  for  the  parabola  and  the  initial  tangent  are  given  in 
a  succeeding  paragraph.  In  the  choice  of  parabola  for  a  given 
stress- deformation  curve,  the  effort  has  been  made  to  fit  the  curve 
fairly  closely,  but  a  fair  correspondence  between  the  ordinate  for 
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the  vertex  of  the  parabola  and  the  ultimate  strength  of  the  con- 
crete has  been  looked  for  and  also  an  agreement  of  the  vertex 
with  the  deformation  of  the  concrete  at  the  maximum  load.  While 
some  variation  may  be  found  in  the  exercise  of  the  judgment  in 
determining  this  parabola,  yet  the  range  of  choice  is  less  than  is 
found  when  attempting  to  select  a  straight-linS  modulus  through 
the  early  part  of  the  curve. 


Defor/ffcrf/o/^  per'  um'f  of/e/?^f/7 


Fig.  9.    Stress-deformation  Diagram  for  a 
Reinforced  Concrete  Column. 

The  line  marked  "Line  for  steel"  represents  for  any  given 

deformation  the  load  per  square  inch  considered  distributed  over 

the  area  of  the  column  which  is  equivalent  to  that  taken  by  the 

steel  alone,  considering  the  modulus  of  elasticity  of  the  steel  to 

be  30,000,000  lb.  per  sq.  in.  Thus,  for  a  deformation  in  the  column 

of  .001,  the  corresponding  stress  in  the  steel  is  30,000  lb.  per  sq. 

in.     For  a  column  having  steel  reinforcement  equal  to  li%  of  its 

cross  section,  the  load  thus  taken  by  the  steel  is  equivalent  to  450 

lb.  per  sq.  in.   distributed  over  the  whole  cross  section,  and  the 

"Line  for  steel"  is  drawn  through  450    lb.  per    sq.  in.  and  a  unit 

deformation  of  .001.  For  any  given  deformation,  then,  the  amount 

of  load  below  this  line  represents,  on  this  basis,  the  part  taken  by 
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the  steel  reinforcement,  and  the  amount  above  this  line  repre- 
sents the  part  taken  by  the  concrete.  To  illustrate,  in  Column 
No.  12  (Fig.  8)  for  a  deformation  of  .0005  the  steel  will,  by  this 
analysis,  be  taking  the  equivalent  of  220  lb.  per  sq.  in.  distributed 
over  the  cross  section  of  the  column  (15,000  lb.  per  sq.  in.  on 
the  steel  alone),  and  the  concrete  will  be  taking  1,020  lb.  per  sq. 
in.;  for  a  deformation  of  .001,  the  steel  will  be  taking  the  equiva- 
lent of  440  lb.  per  sq.  in.  (30,000  lb.  per  sq.  in.  on  the  steel  alone), 
and  the  concrete  1,560  lb.  per  sq.  in.  Strictly  speaking,  the 
amount  so  found  should  be  increased  by  a  percentage  equal  to  that 
occupied  by  the  steel  area,  since  the  former  calculation  assumes 
that  this  area  is  occupied  by  concrete,  but  as  the  effect  of  this 
correction  is  small  it  has  been  neglected. 

In  the  case  of  the  plain  concrete  columns,  the  maximum  load 
may  be  expected  to  occur  at  or  before  the  vertex  of  the  parabola. 
Evidently,  even  if  such  a  curve  as  the  parabola  fits  the  stress- de- 
formation curve  fairly  well  for  low  and  medium  loads,  it  may  not 
be  expected  to  agree  so  closely  near  the  maximum,  and  beyond 
the  maximum  load  such  a  law  of  course  is  not  applicable.  Fig.  7 
shows  the  stress- deformation  curve  and  points  on  its  parabola  for 
Column  No.  5.  In  this  and  in  Fig.  13  to  18  at  the  end  of  the  text, 
several  points  of  the  parabola  which  is  taken  to  express  the  stress- 
deformation  relation  have  been  calculated  for  the  columns  and 
are  shown  on  the  diagrams  by  points  marked  by  crosses.  These 
are  given  at  deformations  equal,  respectively,  to  one- sixth,  one- 
quarter,  one-half,  and  full  abscissa  of  the  vertex  of  the  parabola. 
The  last  one  given  is  for  the  vertex  of  the  parabola. 

In  the  case  of  the  columns  reinforced  with  longitudinal  rods, 
(1)  a  new  diagram  may  be  made  to  express  the  load  taken  by  the 
concrete  alone,  or  (2)  the  stress- deformation  line  may  be  considered 
to  be  drawn  according  to  a  modified  system  of  oblique  co-ordi- 
nates. In  Fig.  9  the  line  OE  represents  the  stress-deformation 
relation  for  the  combination  of  steel  and  concrete  and  OC  that  for 
the  steel.  For  (1),  if  the  point  E  be  set  down  to  D  a  distance  ED 
equal  to  CG,  the  ordinate  GD  will  represent  the  stress  taken  by 
the  concrete  alone  at  this  point.  If,  now,  the  amounts  taken  by 
the  concrete  alone,  found  on  the  above  basis,  be  replatted,  using 
the  line  OX  as  an  axis,  the  new  line  OD  marked  "Line  for  concrete 
alone"  will  be  the  stress-deformation  diagram  for  the  concrete 
itself,  and  will  be  found  to  approximate  to  a  parabola  as  in  the 
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plain  concrete  columns.  The  resemblance  of  this  curve  and  tan- 
gent to  those  for  the  plain  concrete  columns  is  at  once  apparent. 
(In  Fig.  8,  a  diagram  for  the  concrete  alone  is  shown  for  Column 
No.  12.)  The  line  OB  is  the  tangent  for  this  curve,  or  line  for  ini- 
tial modulus  of  elasticity.  By  (2),  the  representation  by  a  modi- 
fied system  of  oblique  co-ordinates,  the  ordinates  or  loads  taken 
by  the  concrete  are  measured  from  the  oblique  line  marked  "Line 
for  steel",  and  the  shortenings  of  the  column  are  measured  hori- 
zontally as  before.  In  Fig.  9,  CE  will  represent  the  stress  in  the 
concrete  at  its  maximum  load,  and  the  stresses  in  the  concrete  for 
other  deformations  will  be  found  by  measuring  upward  from  the 
line  OC.  The  separate  diagram  gives  a  good  expression  of  the 
stress  in  the  concrete  itself.  However,  the  line  OE  (Fig.  9)  rep- 
resents this  stress- deformation  relation  as  well,  if  we  keep  in  mind 
that  ordinates  are  to  be  measured  from  OC,  and  that  diagonal  dis- 
tance or  spaces  are  misleading.  OA,  which  will  represent  the  line 
for  the  initial  modulus  of  elasticity  in  this  combination  or  oblique 
diagram,  will  be  above  OB,  and  any  point  of  it  will  be  as  much 
higher  as  the  vertical  distance  of  the  corresponding  point  on  OC 
is  above  OX.  This  line  OA,  from  its  distorted  position,  may  not 
seem  to  be  tangent  to  the  curve  OE.  The  point  E  on  the  oblique 
or  combination  parabola,  directly  above  the  vertex  D  of  the  ordi- 
nary parabola,  must  be  considered  to  be  the  vertex  of  the  oblique 
parabola,  and  is  the  point  where  the  maximum  load  is  taken  by 
the  concrete  according  to  this  stress-deformation  relation,  as  is 
shown  by  the  tangent  line  EF  being  parallel  to  OC.  Beyond  this 
point,  while  the  column  as  a  whole  may  sustain  a  larger  load,  a 
greater  proportion  of  the  load  is  taken  by  the  steel,  and  the  con- 
crete has  passed  its  maximum  carrying  capacity.  In  general,  then, 
the  point  at  which  the  concrete  carries  a  maximum  amount  may 
be  obtained  by  finding  the  point  (as  E)  where  a  line  parallel  to  the 
line  for  steel  (OC)  is  tangent  to  the  stress-deformation  curve  and 
then  determining  the  load  above  the  line  for  steel.  This  value, 
represented  by  CE,  may  then  be  considered  the  maximum  load 
taken  by  the  concrete.  The  values  given  in  the  discussion  which 
follows  were  calculated  on  this  basis.  This  analysis,  as  is  shown 
later,  is  borne  out  by  the  results  of  the  columns  tested.  Although 
the  oblique  or  combination  diagram  may  strike  the  reader  strange- 
ly, it  was  not  thought  necessary  to  reduce  the  readings  to  ordi- 
nary rectangular  co-ordinates  and  make  a  second  set  of  diagrams. 
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The  diagrams  given  in  Fig.  19  to  29,  while  at  first  perhaps  ap- 
pearing distorted,  will,  it  is  believed,  give  a  comprehensive  view  of 
the  relation  between  the  loads  taken  by  the  concrete  and  steel  for 
any  given  deformation  or  shortening  of  the  column. 

18.  The  Parabolic  Stress-defoi'mation  Relation. — To  begin  with, 
it  may  be  premised  that  a  study  and  analysis  of  the  relation  be- 
tween the  stress  or  load  in  pounds  per  square  inch  and  the  unit 
deformation  or  shortening  of  the  concrete  will  be  of  considerable 
value  in  the  discussion  and  interpretation  of  the  phenomena  of 
compression  of  concrete  in  plain  and  reinforced  columns.  This 
stress-deformation  relation  has  an  important  bearing  upon  the 
strength  of  columns  and  on  the  proportion  of  load  taken  by  the 
concrete  and  by  the  steel  reinforcement  in  reinforced  concrete 
columns.  An  analysis  based  on  a  curved  stress-deformation  re- 
lation, although  not  difficult,  requires  some  little  explanation.  It 
is  hoped,  therefore,  that  the  reader  will  go  over  the  discussion 
fully  with  the  applicability  of  such  an  analysis  in  mind  and  not 
hastily  conclude  that  undue  weight  has  been  attached  to  the  curved 
form  of  the  stress-deformation  relation.  Nor  should  the  reader 
consider  that  the  use  of  the  parabolic  relation  in  this  discussion  com- 
mits the  writer  to  the  position  of  excluding  the  straight-line 
stress-deformation  relation  (constant  modulus  of  elasticity)  from 
use  in  any  formulas  or  applications  whatever. 

In  a  general  way  it  may  be  said  that  concrete  does  not  possess 
the  property  of  proportionality  of  stress  and  deformation  for  wide 
ranges  of  stress  as  does  steel;  in  other  words,  the  deformation  or 
shortening  produced  by  a  load  is  not  proportional  to  the  compres- 
sive stress.  The  relation  between  stress  and  deformation  is  not 
entirely  uniform ;  there  are  even  considerable  differences  in  defor- 
mations for  the  same  mixture,  but  generally  the  variation  from 
direct  proportionality  is  less  for  the  richer  mixtures.  Various 
curves  have  been  proposed  to  represent  the  stress-deformation 
relation,  but  the  parabola  is  the  most  satisfactory  general  repre- 
sentation. Frequently  the  parabola  expresses  the  relation  almost 
exactly,  especially  for  mixtures  of  medium  richness,  and  in  nearly 
every  case  the  parabolic  relation  will  fit  the  stress- deformation 
diagram  very  closely  throughout  the  part  which  is  ordinarily  de- 
veloped in  columns,  the  lack  of  agreement  near  the  crushing  point 
not  being  so  important.  Fig.  7  and  Fig.  8  show  the  close  agree- 
ment of  the  observed  stress-deformation  curve  and  the  parabolic 
relation  for  Columns  No.  5  and  12. 
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Modulus  of  elasticity  is  a  term  which  has  been  used  very 
loosely  in  connection  with  reinforced  concrete.  As  a  general  prop- 
erty of  materials,  it  is  defined  to  be  the  ratio  of  the  unit  stress  to 
the  unit  deformation  within  the  elastic  limit  of  the  material.  As 
applied  in  this  way  to  materials  having  the  property  of  propor- 
tionality of  stress  and  deformation,  the  modulus  of  elasticity  is  a 
constant.  For  materials  with  a  variable  stress-deformation  rela- 
tion like  concrete  it  may  not  be  considered  proper  to  call  the  vari- 
able ratio  the  modulus  of  elasticity,  and  such  a  use  may  lead  to 
misunderstanding.  However,  it  is  important  that  a  definite  ex- 
pression for  this  ratio  be  found. 
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Fig.  10.    Stress-deformation  Diagram  for  a 
Plain  Concrete  Column. 

The  writer  obtains  this  relation  from  the  initial  modulus  of 
elasticity  and  uses  the  term  "Initial  Modulus  of  Elasticity"  to  ex- 
press the  relation  which  would  exist  between  stress  and  deforma- 
tion if  the  concrete  compressed  uniformly  at  the  rate  it  compres- 
ses when  the  load  is  first  applied.  For  the  parabolic  stress- 
deformation  relation,  the  line  which  represents  this  uniform  or 
constant  stress-deformation  relation  will  be  tangent  to  the  para- 
bola at  the  zero  point.  In  Fig.  10  the  ordinates  represent  unit 
stresses  (pounds  per  square  inch)  and  the  abscissas  unit  deforma- 
tions (shortenings  in  inches  per  inch).  The  relation  between  the 
stresses  and  the  corresponding  deformations  may  be  represented 
by  the  part  of  a  parabola,  OA,  which  has  its  vertex  at  A,  AC  be- 
ing its  axis.     The  oblique  line  is  tangent  to  the  parabola  at  O,  and 
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the  tangent  of  the  angle  which  it  makes  with  the  vertical  is  ^c, 
where  E^,  is  the  value  of  the  initial  modulus  of  elasticity.  The  equa- 
tion of  this  line  is  a?  =^  EcV,  and.  this  equation  would  give  the  re- 
lation between  the  compressive  stress  and  the  deformation  if  the 
stress-deformation  relation  were  constant;  or  in  other  words  if 
the  modulus  of  elasticity  were  a  constant. 

The  equation  of  the  parabola  may  best  be  expressed  by  its 
relation  to  this  line  for  initial  modulus  of  elasticity.  Let  c  repre- 
sent compressive  unit- stress  for  any  point,  (for  the  point  P  the 
ordinate  DP  represents  c)  and  c  the  maximum  compressive  stress 
(ordinate  of  vertex  of  parabola,  CA).  Let  ^c  represent  the  unit- de- 
formation for  the  point  P  (abscissa  OD)  and  ^c  the  unit- deforma- 
tion corresponding  to  the  maximum  compressive  stress  (abscissa 
of  the  vertex  of  the  parabola,  OC).  It  can  be  shown  that  c  =^c^c — 

\^Ec^^c  may  be  taken  as  the  equation  of  the  parabola.     On  this 

basis,  this  equation  expresses  the  relation  between  the  compres- 
sive stress  and  its  corresponding  deformation.  It  may  be  noted 
that  the  first  term  of  the  second  member  gives  the  stress  corre- 
sponding to  a  given  deformation  by  the  straight-line  relation, 
while  the  remaining  term  expresses  a  correction  or  reduction 
which  changes  the  results  materially  for  the  higher  deformations. 
The  value  of  the  deformation  at  the  maximum  compressive 
strength  of  concrete,  Cc,  (abscissa  of  the  vertex  of  the  parabola), 
enters  into  equation  (1).  For  many  applications,  it  is  convenient 
to  express  the  deformation  as  a  part  of  or  in  terms  of  this  vertex 
deformation.     Call  the  ratio  of  the  deformation  developed  at  a 

given  load  to  the  deformation  at  the  maximum  load  g  (i.  e. ,  g  =  -V) 
and  the  foregoing  equation  becomes 

G  =  E,x,—      h-pE,^\  =(i_  i-g)  E,^,.... (1) 

The  following  relation  may  also  be  derived 

c 


-=  (I  —  i  q)^q (2) 


When  this  parabolic  relation  is  used  the  value  c  will  refer  to 
the  stress  for  the  vertex  of  the  parabola  and  <  as  its  correspond- 
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ing  deformation  or  abscissa.  These  may  vary  somewhat  from 
the  maximum  compressive  strength  of  the  concrete  and  its  cor- 
responding deformation,  but  not  greatly.  The  two  sets  of  values 
should  not  be  confused. 

In  Fig.   10  it  may  be  seen  that  for  the  lower  ranges  of  stress 
the  parabola  does  not  vary  greatly  from  the  straight  line.  At  the 


TABLE  7. 
Plain  Concrete  Columns. 


Col. 

Gauged 
Length 
inches 

Initial 

Modulus  of 

Elasticity 

lb.  per  sq.  in. 

Abscissa  of 
Vertex  of 
Parabola 

Maximum  Stress 
lb.  per  sq.  in. 

No. 

Parabola 

Observed 

5 

8 

9 

13 

15 

18 

114 
114 
114 

60 
60 
60 

3 150  000 
2  530  000 
2  500  000 
2  370  000 
2  000  000 
1 490  000 

.0011 
.0016 
.0013 
.0014 
.0012 
.00145 

1730 
2000 
1620 
1660 
1200 
1080 

1722 

2004 
1615 
1709 
1189 
1079 

Av. 

2  340  000 

.00134 

1550 

1553 

vertex,  however,  the  compressive  stress  (representing  the  maxi- 
mum compressive  strength)  is  one- half  of  that  given  by  the 
straight-line  relation.  At  one-half  of  ultimate  deformation 
[q  =h  )  it  is  three-quarters  of  that  given  by  the  straight-line 
relation. 

The  modification  of  the  stress  deformation  relation  when 
longitudinal  reinforcement  is  introduced  has  already  been  de- 
scribed. 

19.  The  Stress -deformation  Relations  Developed  in  the  Columns. — 
It  will  be  well  to  discuss  the  stress-deformation  relations  found 
in  the  columns  tested,  not  so  rduch  because  of  the  importance  of 
the  relations  themselves,  but  for  the  reason  that  the  results  throw 
light  upon  the  strength,  stiffness,  uniformity,  and  reliability  of 
the  columns.  The  diagrams  (Fig.  13  to  18,  following  the  text) 
contain  the  stress- deformation  curves  for  the  plain  concrete 
columns.  As  has  already  been  stated,  these  diagrams  are  based 
upon  gross  or  total  shortenings  and  not  on  net  or  elastic  defor- 


TALBOT — TESTS  OF  CONCRETE  COLUMNS  29 

mations,  since  one  use  of  the  data  will  be  to  permit  comparison, 
in  the  case  of  columns  having  longitudinal  reinforcement,  of  the 
amount  of  load  taken  by  the  concrete  with  that  taken  by  the  steel, 
and  the  use  of  elastic  deformation  would  involve  consideration  of 
stresses  left  in  the  steel  upon  release  of  load. 

An  examination  of  these  diagrams  shows  that  the  maximum 
loads  on  the  columns  are  in  agreement  with  the  stress-deformation 
diagrams,  no  column  failing  at  a  lower  load  than  would  be  ex- 
pected from  a  study  of  its  diagram.  The  porous  nature  of  Col- 
umn No.  18  (a  column  made  with  less  care  than  was  given  to  the 
others)  is  shown  by  its  diagram,  (Fig.  15),  which  early  gives  in- 
dication of  the  low  ultimate  strength.  The  points  given  on  these 
figures  (denoted  by  crosses)  for  the  parabolic  stress-deformation 
relation  agree,  in  general,  fairly  closely  with  the  diagrams. 

Table  7  gives  for  the  plain  concrete  columns  values  for  the 
initial  modulus  of  elasticity,  the  deformation  at  the  point  of  maxi- 
mum strength  used  (abscissa  of  vertex  of  parabola),  the  maximum 
stress  shown  by  the  parabolic  relation  and  the  observed  maximum 
compressive  strength  of  the  parabolic  relation  and  the  observed 
maximum  compressive  strength  of  the  column.  Except  for  Col- 
umns No.  5  and  18,  both  the  modulus  of  elasticity  and  the  abscissas 
of  the  vertex  of  the  parabolas  have  a  small  range,  and  even  in- 
cluding these  the  results  show  as  small  variation  as  may  be  ex- 
pected in  concrete  made  in  this  way.  The  average  value  for  the 
initial  modulus  of  elasticity,  2,340,000  lb.  per  sq.  in.,  not  only  is 
of  interest  in  its  application  to  columns  but  it  may  have  a  bear- 
ing upon  the  value  to  be  used  in  beam  formulas.  It  should  be 
noted  that  these  values  are  for  the  first  application  of  a  load.  For 
a  repetition  of  a  load  the  modulus  of  elasticity  would  be  some- 
what lower  than  this,  the  amount  of  this  decrease. depending  upon 
the  concrete  and  the  number  of  repetitions.  The  average  value 
for  the  abscissa  of  the  vertex  of  parabola  is  .00134. 

Table  8  gives  similar  values  for  the  reinforced  concrete 
columns.  The  amount  of  load  taken  by  the  concrete  was  found 
by  the  method  described  under  Stress- deformation  Diagrams,  and 
the  initial  modulus  of  elasticity  was  taken  from  the  derived  stress- 
deformation  curve  for  concrete  alone.  The  abscissa  of  the  vertex 
was  found  in  a  similar  way.  The  maximum  stress  taken  by  the 
concrete  was  determined  from  the  point  on  the  stress- deformation 
curve  at  which    a  tangent  is  parallel  to  the  line  for  the  steel. 
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It  will  be  seen  by  inspection  of  the  diagrams  that  the  column  as 
a  whole  takes  a  load  somewhat  greater  than  that  which  gives  the 
maximum  stress  on  the  concrete,  the  increase  coming  from  the 
increased  stress  in  the  steel,  though  the  amount  of  this  increase 

TABLE  8. 
Reinforced  Concrete  Columns. 


j^ 

Maximum  Stress 

be 

in  Concrete 

Coi. 

be 

Initial 

Modulus  of 

Elasticity 

Abscissa  of 
Vertex  of 
Parabola 

lb.  per  sq.  in. 

Maximum 
Stress  on 

No. 

Ob- 

Gross Area 
lb.  per  sq.  in. 

=3 

Ib.persq.ln. 

Parabola 

served 

CO 

K 

1 

132 

1.20 

2  570  000 

.00095 

1220 

1220 

1587 

2 

108 

1.52 

2  330  000 

.0010 

1165 

1160 

1577 

3 

132 

1.21 

2  340  000 

.0012 

1400 

1380 

1862 

6 

132 

1.52 

2  090  000 

.00105 

1095 

1090 

1600 

7 

132 

1.21 

2  570  000 

.0011 

1410 

1400 

1850 

10 

132 

1.50 

1  800  000 

.0009 

810 

■  775 

1280 

11 

132 

1.21 

2  430  000 

.0012 

1460 

1460 

1936 

12 

95 

1.48 

2  500  000 

.00135 

1687 

1685 

2335 

14 

132 

1.50 

2  000  000 

.00095 

950 

955 

1367 

16 

95 

1.49 

1  900  000 

.00105 

1000 

990 

1607 

17 

60 

1.47 

1  900  000 

.0016 

1520 

1560 

2206 

Av. 

2  220  000 

.00112 

1247 

1243 

1746 

averages  only  2,2%  and  the  largest  increase  is  only  6.6%.  The 
range  of  values  for  the  initial  modulus  of  elasticity  is  not  greater 
than  for  the  plain  concrete  columns,  nor  is  that  for  deformation 
at  vertex  of  parabola. 

The  last  column  ot  Table  8  gives  the  maximum  load  taken  by 
the  column  in  lb.  per  sq.  in.  of  gross  area,  and  hence  includes  the 
load  taken  by  the  steel. 

The  average  value  of  the  initial  modulus  of  elasticity  for  the 
reinforced  concrete  columns  is  2,220,000  lb.  per  sq.  in.  The  aver- 
age value  of  the  final  unit- deformation  is  .00112.  The  average 
variation  from  the  average  modulus  of  elasticity  is  11%.  The 
average  variation  from  the  average  final  deformation  is  14%. 
The  average  value  of  the  initial  modulus  of  elasticity,  2,220,0001b. 
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per  sq.  in.,  is  very  close  to  that  for  the  plain  concrete  column, 
2,340,000  lb.  per  sq.  in.  The  final  deformation  is  lower  than  that 
for  the  plain  concrete  columns.  The  range  of  results  is  smaller 
than  that  for  the  plain  concrete  columns. 

The  average  modulus  of  elasticity  for  both  plain  and  rein" 
forced  columns  is  2,250,000  lb.  per  sq  in.  The  average  variation 
from  this  is  14%,  The  range  covered  is  40%  above  the  average 
and  34%  below,  the  extreme  cases  both  being  plain  concrete  col- 
umns. 

Table  9  gives  the  observed  and  calculated  loads  for  both  plain 
and  reinforced  columns  at  four  points  of  the  tests.  The  loads  in- 
clude both  the  part  taken  by  the  concrete  and  that  taken  by  the 
steel.  The  calculated  loads  are  determined  from  the  initial  modu- 
lus of  elasticity  and  parabola  given  in  Tables  7  and  8.  In  the 
table,  Ec  represents  the  deformation  at  the  point  of  maximum 
stress  in  the  concrete,  which  agrees  with  the  abscissa  of  the  ver- 
tex of  the  parabola  used.  The  values  given  in  the  last  column 
therefore  may  not  be  expected  to  agree  with  the  values  given  in 
Table  8  for  maximum  stress  on  gross  area. 

The  three  other  points  selected  are  at  deformations  of  one- 
sixth  (g=i),  one-quarter  (g=i)  and  one-half  {q=^)  of  this  defor- 
mation. It  will  be  seen  that  the  observed  and  calculated  loads  com- 
pare very  favorably.  The  calculated  loads  are  also  shown  in  Fig. 
13  to  29  (following  the  text)  by  points  marked  by  crosses.  Values 
for  the  Watertown  Arsenal  column  tests,  described  elsewhere, 
are   included  in  Table  9. 

20.  Strength  of  the  Plain  Concrete  Columns. — Naturally,  with 
the  variation  in  materials  and  in  the  conditions  attending  fabrica- 
tion and  setting,  concrete  columns  may  not  be  expected  to  have  uni- 
form strength  and  stiffness.  The  conditions  attending  the  fabri- 
cation of  test  specimens,  however,  are  more  nearly  constant  than 
those  to  be  found  in  ordinary  building  operations  and  a  greater 
allowance  for  variation  should  be  made  in  building  design  than 
the  variation  found  in  these  test  columns.  No.  18,  which  was 
made  hastily  and  somewhat  carelessly,  with  the  expectation 
that  it  would  be  used  at  an  early  age  merely  for  practice  in  the 
use  of  the  instruments  and  machine,  gives  not  only  less  stiffness 
but  a  very  low  compressive  strength. 


32 


ILLINOIS   ENGINEERING  EXPERIMENT  STATION 


TABLE  9. 

Calculated  and  Observed  Loads. 

Loads  are  given  in  pounds  per  square  inch  of  the  gross  section  of  the 
column  and  hence  include  the  load  taken  by  the  steel. 


Col. 

At  -I   e; 

At  i  < 

At  i  < 

At   Cc 

ISlo. 

Calc. 

Obs. 

Calc. 

Obs. 

Calc.' 

Obs. 

Calc. 

Obs. 

University  of  Illinois  Columns. 


1 

440 

435 

610 

600 

1085 

1055 

1560 

1560 

2 

430 

430 

625 

620 

1105 

1080 

1620 

1570 

3 

505 

545 

725 

745 

1270 

1265 

1840 

1815 

6 

400 

415 

600 

600 

1065 

1045 

1575 

1570 

7 

500 

515 

1   720 

705 

1260 

1300 

1815 

1810 

10 

315 

315 

440 

435 

805 

785 

1210 

1205 

11 

520 

540 

750 

750 

1320 

1310 

1900 

1895 

12 

605 

630 

895 

910 

1575 

1575 

2290 

2290 

14 

365 

385 

525 

535 

915 

910 

1370 

1375 

16 

380 

415 

550 

555 

980 

960 

1450 

1450 

17 

595 

540 

845 

820 

1490 

1535 

2230 

2200 

5 

520 

520 

770 

745 

1300 

1275 

1730 

1720 

8 

610 

630 

875 

880 

1500 

1435 

2000 

2005 

9 

495 

490 

710 

690 

1220 

1150 

1620 

1620 

13 

505 

505 

725 

710 

1240 

1170 

1660 

1710 

15 

370 

385 

525 

525 

900 

860 

1200 

1190 

18 

330 

345 

475 

475 

805 

765 

1080 

1080 

Av. 

463 

473 

662 

664 

1167 

1146 

1656 

1651 

Water  town  Arsenal  Columns 


1579 

805 

830 

11.30 

1130 

1920 

.   1920 

2800 

2800 

1580 

557 

555 

755 

750 

1260 

1280 

1820 

1830 

1581 

640 

610 

885 

880 

1480 

1475 

2080 

2060 

1582 

650 

620 

905 

860 

1500 

1450 

2110 

2110 

1584 

820 

820 

1170 

1110 

1980 

1930 

2870 

2870 

1585 

675 

630 

930 

870 

1600 

1550 

2460 

2460 

1583 

645 

650 

890 

890 

1450 

1420 

1800 

1800 

Av. 

685 

673 

952 

927 

1598 

1575 

2277 

2275 

The  average  maximum  load  for  the  plain  concrete  columns 
tested,  as  shown  in  Table  7,  was  1553  lb.  per  sq.  in.  The  lowest 
load,  1079  lb.  per  sq.  in.  for  Column  No.  18,  is  30%  less  than  this 
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average,  and  the  highest  load,  2004  lb.  per  sq.  in.,  is  29%  more 
than  this  average.  The  average  variation  from  the  average 
strength  is  18%.  This  range  is  not  large,  considering  the  nat- 
ure of  the  material.  As  has  been  stated,  the  stress-deforma- 
tion diagrams  indicate  that  the  maximum  loads  found  correspond 
with  the  general  behavior  of  the  columns  and  that  the  test  loads 
were  generally  concentrically  applied  and  uniformly  distributed. 
They  also  show  the  variation  in  quality  and  action.  The  diagram 
bf  No.  18  shows  its  porous  nature  and  foretells  failure  at  a  low 
load.  No  general  difference  in  results  between  9  x  9-in.  and  12  x 
12-in.  columns  is  noticeable. 

A  comparison  of  the  ultimate  strength  of  the  cubes  tested  with 
the  loads  carried  by  the  columns  made  with  the  same  mix  shows 
that  the  strength  of  the  columns  is  materially  less  than  the 
strength  of  the  cubes.  As  shown  in  Table  6  the  average  for  the 
12-in.  cubes  is  2205  lb.  per  sq.  in.  and  that  for  the  columns  is  1553 
lb.  per  sq.  in.,  30%  less.  It  seems  probable  that  the  restraining 
influence  of  the  friction  against  the  bearing  plates  is  a  cause  for 
the  additional  strength  in  the  cubes,  as  has  been  shown  by  some 
experimenters  to  be  the  case,  while  in  the  columns  this  influence 
does  not  extend  far  from  the  ends.  The  results  with  the  8  x 
16-in.  cylinders  given  in  the  same  table  (average  of  1490  lb.  per 
sq.  in.)  agree  very  closely  with  the  column  tests  and  corroborate 
this  view. 

21.  Strength  of  the  Reinforced  Concrete  Columns. — Two  things  are 
noticeable  in  the  results  given  in  Table  8  for  the  loads  taken  by 
the  concrete  in  the  columns  reinforced  with  longitudinal  rods, — 
that  the  maximum  stresses  taken  by  the  concrete  are  less  than  for 
the  plain  concrete  columns,  and  that  the  range  of  results  is  great- 
er. Before  discussing  theSe  apparent  characteristics  of  the  tests, 
it  will  be  well  to  consider  some  of  the  conditions  attending  the 
tests  and  the  possible  effect  of  such  conditions  upon  the  results. 

No  effort  was  made  to  bring  the  ends  of  the  reinforcing  rods  to 
have  a  bearing  upon  the  compression  or  bearing  plates  of  the 
testing  machine.  Generally,  the  rods  ended  within  h  in.  of  the 
end  of  the  column.  In  No.  6,  the  rods  rested  on  the  bearing  plate; 
in  No.  10,  one  rod  rested  on  the  plate;  and  in  No.  14,  the  rods  ex- 
tended to  the  face  of  the  plaster  in  which  the  ends  of  the  columns 
were  bedded.  Evidently  it  would  be  difficult  to  get  an  exact  and 
even  bearing  for  all  the  rods  directly  against  the  plates.     The 
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concrete  or  plaster  under  the  ends  of  the  rods  would  not  be  cap- 
able of  transmitting  as  great  a  stress  per  square  inch  as  is 
taken  by  the  steel,  and  part  of  the  load  taken  by  the  steel  must 
be  carried  through  the  surrounding  concrete  and  be  transmitted 
to  the  steel  by  means  of  the  bond  between  concrete  and  steel. 
Fortunately  this  extra  stress  on  the  concrete  exists  at  the  ends  of 
the  columns  where  the  concrete  has  the  aid  of  the  lateral  restrain- 
ing influence  of  the  bearing  plates.  The  bond  developed  would 
cause  the  stress  to  be  transmitted  to  the  rods  within  a  short 
distance  of  the  end  of  the  column.  "Whether  this  is  done  before 
the  concrete  is  beyond  the  influence  of  the  bearing  plates  and 
whether  the  bond  developed  is  beyond  the  bond  strength  may, 
perhaps,  be  determined  by  a  study  of  the  stress-deformation  dia- 
grams and  the  method  and  point  of  failure  of  the  individual  col- 
umns. The  yokes  of  the  extensometers  were  in  general  within  the 
portion  of  the  length  where  the  rods  may  be  considered  to  be  tak- 
ing their  full  stress,  and  the  deformations  are  the  average  defor- 
mations for  the  gauged  length. 

In  all  of  the  columns  the  point  of  maximum  stress  on  the  con- 
crete is  well  within  the  point  of  ultimate  failure,  the  deformation 
of  the  columns  going  on  for  some  time  beyond  this  maximum 
point.  The  form  of  the  stress-deformation  curve  is  similar  for  all 
the  columns,  and  no  difference  can  be  detected  for  those  with  dif- 
ferent positions  of  the  ends  of  the  reinforcing  rods.  The 
method  of  failure  and  the  position  of  the  failure  are  not  noticeably 
connected  with  any  end  condition,  and  the  distribution  of  the  fail- 
ures does  not  differ  in  any  marked  degree  from  that  for  the  plain 
concrete  columns.  It  would  seem,  then,  that  in  general  the  posi- 
tion of  the  ends  of  the  reinforcing  rods  has  not  affected  the 
results  in  any  marked  manner,  and  there  is  no  apparent  rea- 
son for  giving  greater  or  less  weight  to  the  strength  of  any  column. 
An  exception  to  this  may  possibly  be  made  in  the  case  of  No.  10, 
in  which  one  bar  rested  on  the  plate  and  the  failure  was  due  to 
the  breaking  of  the  concrete  around  this  rod  at  the  end  of  the 
column.  The  condition  is  a  severe  one,  and  it  is  quite  possible 
that  the  results  in  this  case  should  be  thrown  out. 

The  average  stress  taken  by  the  concrete,  based  on  the  an- 
alysis heretofore  given,  is,  as  shown  in  Table  8,  for  all  the  rein- 
forced concrete  columns  1243  lb.  per  sq.  in.  and  with  No.  10  omit- 
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ted,  1290  lb.  per  sq.  in.  Omitting  Column  No.  10,  the  lowest 
value  is  26%  below  the  average,  the  highest  value  is  30%  above 
the  average,  and  the  average  variation  is  16%.  The  average 
strength  of  the  plain  concrete  columns  is  1553  lb.  per  sq.  in.  The 
average  strength  of  the  reinforced  concrete  columns,  based  on 
gross  area  and  without  allowance  for  the  steel,  is  1746  lb.  per  sq. 
in.  It  will  be  seen  that  the  stress  taken  by  the  concrete  is,  in  the 
case  of  the  reinforced  columns,  about  15%  less  than  the  strength 
of  the  plain  columns,  and  that  the  total  strength  of  the  reinforced 
columns  is  considerably  more  than  that  of  the  plain  columns.  These 
results  may  not  be  representative,  but  at  least  they  indicate  that 
care  should  be  taken  not  to  use  too  high  working  stresses  in  col- 
umns reinforced  in  this  way.  The  fact  that  the  values  of  the  in- 
itial modulus  of  elasticity  average  for  the  reinforced  columns  so 
closely  to  the  average  for  the  plain  columns,  is  confirmatory  of 
the  correctness  of  the  results.  It  may  also  be  noted  that  the  ab- 
scissa of  the  vertex  of  the  parabola  fitted  to  the  reinforced  columns 
is  less  than  that  for  the  plain  columns.  This  fact  is  possibly  con- 
nected with  the  explanation  of  the  lower  concrete  stresses  in  the 
reinforced  columns. 

The  columns  having  ties  around  the  longitudinal  rods  show 
no  greater  strength  than  those  without  ties,  and  there  is  no  dif- 
ference apparent  in  the  manner  of  failure.  It  is  true  that  buck- 
ling of  the  rods  occurred  between  the  ties,  but  this  buckling  must 
have  taken  place  after  the  concrete  reached  its  maximum  stress, 
judging  from  the  stress-deformation  diagrams.  In  fact,  it  may 
not  be  expected,  from  ordinary  analysis,  that  ties  placed  at  so 
great  a  distance  apart  will  have  a  beneficial  effect  upon  the 
strength  of  the  columns. 

22,  Watertown  Arsenal  Column  Tests. —  Not  many  tests  have 
been  made  on  plain  and  reinforced  concrete  columns  in  a  systematic 
way  with  a  view  of  determining  the  relative  amount  of  stress  in 
the  steel  and  concrete  while  under  load.  Many  occasional  or  de- 
sultory tests  have  been  made,  but  usually  these  furnish  no  basis 
for  comparison.  The  only  series  made  in  the  United  States, 
known  to  the  writer,  which  gives  an  opportunity  for  making  a 
comparison  with  the  tests  here  recorded,  is  the  series  made  by 
the  United  States  government  at  Watertown  Arsenal  and  reported 
in  Tests  of  Metals  for  1904.  The  well  known  care  and  trust- 
worthiness of  the  Watertown  tests  make  it  seem  profitable  to  in- 
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elude  here  a  summary  of  such  of  these  tests  as  may  be  compared 
with  the  University  of  IlHnois  columns.  The  columns  selected 
include  all  of  those  made  with  one  grade  of  1-2-4  concrete  and 
tested  at  about  the  same  age  and  include  the  numbers  from  1579 
to  1585.  As  only  one  column  of  plain  concrete  was  tested  and  a 
single  test  may  not  be  at  all  representative  of  the  characteristics 
of  a  concrete,  but  little  comparison  between  plain  and  reinforced 
columns  may  be  made.  The  number  of  reinforced  columns  and 
the  range  of  the  reinforcement  are  such  that  the  tests  give  a  good 
opportunity  to  study  the  relative  stresses  taken  by  steel  and  con- 
crete. 

The  concrete  was  made  of  one  part  Vulcanite  cement,  two 
parts  sand  (i-in.  sieve),  and  four  parts  pebbles  {h  to  Ik  in.  in  di- 
ameter) by  volume.  The  concrete  averaged  about  145  lb.  per  cu. 
ft.  in  weight.  The  reinforcing  rods  at  the  corners  were  placed  If 
in.  from  the  faces  of  the  column,  and  where  more  than  four  rods 
were  used  the  remaining  rods  were  placed  symmetrically  in  the 
interior.  A  variety  of  forms  of  reinforcement  was  used.  The 
rods  were  cut  to  exact  length  and  always  had  a  direct  bearing  up- 
on the  bearing  plates  of  the  testing  machine.  In  the  test,  the 
load  was  released  several  times,  generally  tenor  more,  but  at  pro- 
gressively increasing  amounts,  and  never  more  than  once  from 
any  given  load.  The  age  of  the  columns  averaged  about  3i 
months  at  time  of  test. 

TABLE  10. 

Data  on  Watertown  Arsenal  Columns. 

Average  length  of  columns,  94  inches. 


Gross 
Area 

Reinforcement 

Age 

CoL 

Dimensions 
in.  X  in. 

at 

No. 

Test 

Amount  and  Kind 

per  cent 

days 

1579 

12.58x12.60 

158.5* 

8— f-in.  Thacher  bars 

.     2.09 

102 

1580 

12.60x12.51 

157.6 

4— i-in.  Twisted  bars 

1.43 

103 

1581 

12.60x12.67 

159.6 

4— f-in.  Thacher  bars 

1.03 

104 

1582 

12.68x12.60 

159.8 

4 — f-in.  Corrugated  bars 

0.97 

106 

1584 

12.63x12.60 

159.5 

8— I-in.  Corrugated  bars 

1.94 

104 

1585 

12.60x12.50 

157.5 

8— f-in.  Twisted  bars 

2.86 

105 

1583 

12.66x12.59 

159.4 

None 

0.00 
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stress-deformation  diagrams  are  given  in  Pig.  30  to  36  at  the 
end  of  the  text.  As  before,  the  deformations  given  are  gross  and 
not  net  or  elastic  deformations.  The  line  for  steel,  line  for  initial 
modulus  of  elasticity,  and  point  of  maximum  stress  in  concrete 
are  used  in  the  way  already  given  for  the  University  of  Illinois 
tests.  Points  for  the  parabolic  stress- deformation  relation  for 
one-sixth,  one-fourth,  one-half,  and  full  abscissa  are  marked  by 
crosses.  It  will  be  seen  that  these  diagrams  have  the  same  gen- 
eral characteristics  as  the  University  of  Illinois  tests,  and  that  the 
parabolic  curve  fits  them  very  closely. 

Table  10  gives  general  information  on  the  amount  and  nature 
of  the  reinforcement  and  the  age  of  test.  Table  11  gives  the  ini- 
tial modulus  of  elasticity,  the  abscissa  of  vertex  of  the  stress-de- 
formation parabola,  and  the  maximum  stress  taken  by  the  con- 
crete alone,  the  last  being  based  upon  the  method  already  used, 
wherein  the  steel  is  considered  to  take  a  stress  corresponding  to 

TABLE  11. 
Watertown  Arsenal,  Column  Tests. 


5 

Maximum  Stress 

be 

0) 

in  Concrete 

Col. 
No. 

%^    O 

Initial 

Modulus  of 

Elasticity 

Ib.per  sq.in. 

Abscissa  of 
Vertex  of 
Parabola 

lb.  per  sq.  in. 

Maximum 
Stress  on 

Calcu- 
lated 

Ob- 
served 

Gross  Area 
lb.  per  sq.  in. 

O 

P^ 

1579 

50 

2.09 

3  200  000 

.0012 

1950 

1950 

2760 

1580 

50 

1.43 

2  000  000 

.0012 

1200 

1200 

1990 

1581 

50 

1.03 

2  200  000 

.0014 

1540 

1460 

1990 

1582 

50 

0.97 

2  300  000 

.0014 

1600 

1540 

1250 

1584 

50 

1.94 

2  800  000 

.0014 

1960 

1920 

2830 

1585 

50 

2.86 

2  200  000 

.0012 

1330 

1330 

3160 

1583 

50 

0.00 

2  770  000 

.0013 

1800 

1710 

1710 

Av. 

2  500  000 

.0013 

1620 

1590 

2240 

its  deformation  and  the  concrete  the  remainder  of  the  load.  In 
Table  9  are  given  observed  stresses  at  four  deformations  and  also 
stresses  calculated  for  the  same  points  from  the  parabolic  stress- 
deformation  relation. 

The  one  plain  concrete  column  has  a  higlier  modulus  of  elas- 
ticity than  the  average  value  found  for  the  reinforced  columns, 
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and  its  stress-deformation  curve  does  not  reach  the  vertex  of  the 
containing  parabola.  These  differences  and  the  variability  of 
stiffness  and  strength  found  in  the  reinforced  columns,  as  well  as 
the  well  established  variability  of  concrete,  go  to  show  that  the 
result  of  this  one  test  may  not  be  taken  as  representative  of  the 
strength  and  stiffness  of  plain  concrete  columns  in  comparison 
with  the  reinforced  columns,  and  general  conclusions  may  not  be 
drawn.  The  ultimate  strength  of  this  column  is,  however,  some- 
what higher  than  the  average  maximum  stress  in  the  concrete  for 
the  reinforced  columns  as  determined  from  the  line  for  steel. 

The  average  maximum  stress  in  the  concrete,  for  the  rein- 
forced columns,  determined  from  the  line  for  steel  is  fairly  uni- 
form, the  range  being  23%  below  the  average  and  24%  above. 
The  strength  and  stiffness  of  these  columns  are  somewhat  higher 
than  given  by  the  University  of  Illinois  tests,  as  might  be  expect- 
ed from  the  greater  age  at  test  and  the  use  of  pebbles  instead  of 
limestone.  The  columns  are  evidently  somewhat  more  uniform 
in  their  make-up.  The  agreement  of  the  observed  values  with 
those  calculated  by  the  parabolic  stress-deformation  relation  is 
close.  The  average  maximum  compressive  stress  taken  by  the 
concrete,  including  the  result  for  the  one  plain  column,  is  1590  lb. 
per  sq.  in.  In  general,  the  results  of  the  two  series  of  column 
tests  are  quite  similar. 

A  study  of  the  results  shows  that  there  is  no  marked  charac- 
teristic difference  in  either  stiffness  or  strength  for  columns  made 
with  any  special  form  of  reinforcing  bar  or  with  any  given  amount 
of  reinforcement.  For  leaner  concrete,  and  hence  greater  poros- 
ity, the  difference  in  the  elastic  limits  of  the  bars  may  be  expect- 
ed to  have  an  effect  upon  the  results. 

23.  Modulus  of  Elasticity. — As  has  already  been  stated,  there 
is  a  great  diversity  of  usage  in  reference  to  modulus  of  elasticity. 
Some  writers  have  fallen  into  the  error  of  using  a  constant  ratio 
between  stress  and  deformation,  and  yet  of  considering  the  stress- 
deformation  diagram  a  parabola.  Whether  the  stress- deformation 
relation  should  be  considered  variable,  or  whether  a  straight-line 
relation  may  be  held  to  serve  well  enough  for  the  range  used,  de- 
pends upon  the  particular  use  or  application  to  which  the  relation 
is  to  be  put.  In  fact,  generally  the  test  of  the  method  to  be  em- 
ployed lies  in  the  purpose  and  end  to  be  served  in  the  application. 
In  beams  having  a  small  amount  of  reinforcement  the  use  of  a 
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constant  modulus  may  be  permissible.  In  beams  having  a  large 
amount  of  reinforcement  and  in  which  the  compressive  strength 
of  the  concrete  is  the  controlling  element,  a  variable  modulus 
may  be  preferable.  In  reinforced  columns,  it  would  seem  that  a 
variable  modulus  (curved  stress- deformation  diagram)  should  be 
used  in  discussing  the  relative  loads  finally  taken  by  the  concrete 
and  by  the  steel.  The  same  test  applies  to  the  use  of  gross  or  net 
(elastic)  deformations.  If  one  purpose  in  the  use  of  the  defor- 
mation is  to  determine  (a),  in  the  case  of  a  reinforced  column,  the 
amount  of  the  deformation  in  the  longitudinal  steel  reinforcement 
and  from  this  to  calculate  the  stress  in  the  steel,  or  (b),  in  a  rein- 
forced beam,  the  amount  of  change  in  a  section  and  from  this  the 
position  of  the  neutral  axis  and  the  resultimg  stress  in  the  steel, 
it  seems  clear  that  gross  (total)  deformation  should  be  used  and 
not  net  (elastic)  deformation,  if  we  consider  that  a  plane  section 
before  bending  remains  a  plane  section  after  bending.  The  use 
of  elastic  deformations  must  be  misleading  in  these  cases. 

Again,  the  method  to  be  used  in  determining  the  stress-defor- 
mation relation  for  repetitive  loading  should  be  judged  in  the 
same  way.  For  example,  when  a  compression  test  piece  (a  beam 
gives  a  similar  phenomenon)  has  had  loads  applied  in  continuous- 
ly increasing  amounts,  the  stress- deformation  line  will  be  a  curve, 
as  is  shown  for  example  in  the  diagrams  for  Columns  No.  5  and 
12  given  in  Fig.  7  and  8.  If  now  the  load  be  gradually  released, 
the  points  found  during  release  will  approximate  to  a  straight  line 
running  to  the  set  point.  If  the  load  is  reapplied,  the  points  found 
on  the  return  line  are  not  far  from  the  straight  line,  and  the  sec- 
ond application  of  the  given  load  shows  a  deformation  somewhat 
larger  than  the  first.  To  say,  because  at  the  partial  loads  the 
values  approximate  to  a  straight-line  relation,  that  therefore  the 
corresponding  constant  modulus  of  elasticity  should  be  used  in 
calculations  on  beams  and  columns,  is  evidently  erroneous  reason- 
ing, as  will  be  shown  in  the  succeeding  paragraph. 

The  set  indicated  in  this  line  of  released  and  reapplied  loading 
does  not  exist  throughout  the  cross-section  of  a  beam  under  re- 
peated loadings,  as  might  at  first  thought  seem  to  be  the  case.  A 
method  of  more  general  applicability  is  to  determine  the  final  de- 
formation after  repetition  for  each  loading  seriatum.  Thus,  if  the 
loads  are  to  be  applied  one  hundred  times,  apply,  say,  100  lb.  per 
sq.  in.  one  hundred  times  and  note  the  final  deformation;  apply 
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500  lb.  per  sq.  in.  one  hundred  times  and  note  the  final  deforma- 
tion; apply  1,000  lb.  per  sq.  in.,  etc.  Fig.  11  gives  some  idea 
how  these  deformations  will  change  under  repetitions,  the  points 
obtained  for  the  same  number  of  repetitions  being  connected  to- 
gether. The  final  diagram  (represented  by  the  lower  curve)  will 
resemble  the  one  for  the  initial  application,  especially  in  portions 
of  the  curve  other  than  near  the  ultimate,  though  the  exact  posi- 
tion of  this  will  depend  upon  the  number  of  repetitions,  the  elas- 
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Fig.  11.     Diagram  Illustrat- 
ing Effect  of  Repetitive 
Loading. 


ticity  of  the  concrete,  etc.  Now,  the  same  condition  may  be  ex- 
pected to  exist  in  a  beam  that  has  been  loaded  one  hundred  times: 
at  the  remotest  fiber  the  deformation  is  that  due  to  repetition  at 
the  unit  stress  it  has  been  subjected  to,  say  500  lb.  per  sq.  in. ;  at 
a  point  half  way  to  the  neutral  axis  it  is  that  due  to  repetition  at 
one-half  as  great  a  unit  stress,  say  250  lb.  per  sq.  in. ,  and  not  (as 
would  be  the  case  if  the  results  by  the  first  mentioned  method  of 
loading  were  taken)  the  deformation  under  the  condition  that  this 
fiber  has  been  stressed  to  500  lb.  per  sq.  in.  and  then  had  had  its 
stress  reduced  to  250  lb.  per  sq.  in.  This  statement,  of  course,  is 
approximate,  since  under  the  conditions  described  the  position  of 
the  neutral  axis  would  change,  the  stresses  themselves  would 
change,  and  the  section  itself  would  distort  from  a  plane  section, 
but  nevertheless  the  illustration  holds.  The  stress-deformation 
curve  for  repetitive  loading  should,  then,  be  made  by  connecting 
points  obtained  under  repetition  of  first  one  load,  then  a  higher 
one,  then  still  a  higher  one,  etc.  For  a  column,  the  deforma- 
tions at  intermediate  loads  are  not  so  important,  but  the  general 
character  of  the  stress- deformation  diagram  is  essential. 
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The  use  of  both  gross  and  elastic  deformations  contributes  to 
the  diversity  of  values  for  the  modulus  of  elasticity  of  concrete 
given  in  engineering  literature.  Elastic  deformations  naturally 
give  higher  values.  Caution  should  be  used  in  accepting  high 
values  because  they  may  have  been  obtained  from  elastic  defor- 
mations or  because  they  may  have  been  taken  from  short  speci- 
mens affected  by  the  restraint  of  the  bearing  plates  or  because 
they  may  represent  concrete  of  a  much  denser  quality  than  is 
to  be  found  under  the  conditions  of  practical  construction.  It  is 
also  to  be  seen,  as  shown  in  the  preceding  paragraph,  (see  also 
Fig.  11),  that  with  repeated  applications  of  a  load  the  deforma- 
tions will  increase  and  the  abscissa  of  the  vertex  of  the  assumed 
parabola  will  be  larger.  At  the  same  time  the  maximum  load 
which  the  concrete  will  take  must  be  considered  to  be  smaller. 
Under  these  two  changes,  it  is  evident  that  the  resulting  initial 
modulus  of  elasticity  will  be  smaller  than  that  for  a  single  ap- 
plication of  the  load.  What  the  amount  of  this  decrease  is  will 
depend  upon  the  nature  of  the  concrete,  its  age  and  plasticity, 
and  the  number  of  repetitions  of  the  load.  The  more  plastic  and 
porous  the  concrete,  the  greater  the  effect.  The  richer  the 
mixture  and  the  older  the  test  piece,  the  less  it  will  be.  At  the 
same  time,  it  must  be  borne  in  mind  that  the  concrete  grows  stiffer 
with  age,  and  that  most  tests  have  been  made  at  an  early  age,  30 
to  90  days.  Whether  this  increase  in  stiffness  with  time  will 
counteract  the  decrease  in  value  just  noted,  will  depend  upon  the 
nature  of  the  concrete  and  the  number  of  applications.  A  similar 
effect  may  be  expected  in  concrete  by  reason  of  its  plastic  nature 
when  a  load  is  applied  for  a  considerable  length  of  time  (time 
effect),  but  little  is  known  of  this  phenomenon. 

It  is  noticeable  that  the  values  of  the  initial  modulus  of  elast- 
icity for  the  two  series  herein  given  agree  fairly  closely,  an  aver- 
age of  2,250,000  lb.  per  sq.  in.  for  1-2-4  limestone  concrete  60 
days  old  tested  at  the  University  of  Illinois,  and  an  average  of 
2,500,000  lb.  per  sq.  in.  for  1-2-4  pebble  concrete  105  days  old 
tested  at  Watertown  Arsenal.  These  values  are  based  upon  gross 
deformations  and,  in  the  main,  first  loading  of  the  specimen.  The 
combined  effect  of  age  and  even  moderate  repetition,  if  the  dis- 
cussion in  the  previous  paragraph  holds,  may  be  a  modulus  some- 
what smaller  than  that  given  by  these  tests.  What  this  modulus 
will  become  cannot  be  told  without  adequate  tests.     However,  for 
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1-2-4  concrete  of  the  quality  used  in  the  University  of  Illinois  and 
the  Watertown  Arsenal  columns  (limestone  in  one,  pebbles  in  the 
other),  the  initial  modulus  of  elasticity  at  the  age  of  a  year  and 
after  a  moderate  number  of  applications  of  the  load  seems  more 
likely  to  be  below  2,500,000  lb.  per  sq.  in.  than  above  it.  Further 
data  on  the  effect  of  age  of  concrete  and  repetition  of  load  upon 
modulus  of  elasticity  are  necessary  before  definite  conclusions  may 
be  reached. 

It  should  be  noted  that  if  a  straight-line  stress- deformation 
relation  is  to  be  used,  particularly  in  the  case  of  columns,  the 
value  chosen  should  be  considerably  less  than  that  of  the  initial 
modulus  of  elasticity, 

24.  Discussio7i  of  Basis  for  WorJcing  Stresses  and  Working  Factor 
in  Structures. — The  real  basis  for  a  working  stress  or  a  factor  of 
safety  to  be  used  in  designing  seems  not  to  be  generally  under- 
stood, or  at  least  it  is  not  often  properly  explained,  and  expres- 
sions sometimes  heard  indicate  that  the  purpose  and  use  of  factor 
of  safety  and  working  stress  are  misinterpreted.  Of  course,  no 
engineer  will  say  that  for  a  factor  of  safety  of,  say,  four  (using 
the  term  factor  of  safety  as  based  upon  the  ultimate  strength  of 
the  material)  the  structure  will  take  four  times  the  assumed  load 
without  injury.  It  is  understood  by  engineers  that  the  actual  ratio 
of  the  load  which  the  structure  may  properly  take  under  the  ordi- 
nary conditions  of  construction  to  the  assumed  load  used  in  the 
calculations  made  in  the  design  is  not  large  and  may,  under  some 
circumstances,  not  be  very  much  above  one.  Yet  the  statement 
is  sometimes  made,  or  the  inference  may  be  drawn,  that  because 
a  given  working  stress  is  to  be  used  in  the  calculations  there  is  no 
advantage  in  looking  into  the  behavior  of  the  material  or  the  ac- 
tion of  the  structure  at  a  stress  higher  than  the  assumed  working 
stress.  Before  discussing  further  the  meaning  of  the  tests  here 
recorded,  it  may  be  well  to  consider  some  of  the  aspects  of  work- 
ing stresses  and  factors  of  safety. 

Mild  steel  has  a  rather  definite  elastic  limit  and  yield  point 
beyond  which  the  character  of  its  action  changes  in  a  marked 
way.  Beyond  the  yield  point  the  rate  of  stretch  in  tension  be- 
comes almost  at  once  one  hundred  or  more  times  as  much  as  it 
was  within  the  elastic  limit.  In  compression,  the  ultimate  strength 
of  mild  steel  is  not  far  beyond  its  elastic  limit. .  It  is  evident  that 
a  structure  made  up  of  this  material  will  distort  and  fail  when  a 
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load  producing  stresses  not  much  greater  than  the  elastic  limit  is 
placed  upon  it.  The  elastic  limit  of  mild  steel  has  a  small  range, 
its  value  running  from  50%  to  65%  of  the  ultimate  strength,  de- 
pending upon  the  size  of  the  piece,  method  of  rolling,  etc.,  and 
the  steel  is  made  under  such  conditions  that  little  risk  is  taken  in 
choosing  a  value  for  a  particular  size  and  shape  of  piece.  The 
modulus  of  elasticity  of  steel  is  also  quite  uniform.  It  may  be  said 
then,  that  the  properties  of  this  material,  with  proper  inspection, 
are  fairly  definitely  known,  When  we  base  the  factor  of  safety  of 
a  structure  upon  ultimate  strength  of  mild  steel,  whether  we  do  it 
consciously  or  unconsciously  we  have  tacitly  assumed  that  the 
factor  of  safety  named  in  the  calculations  is  nearly  double  the 
factor  which  will  bring  actual  failure  under  the  conditions  assumed 
to  exist  in  the  structure. 

For  a  plastic  material,  or  a  material  not  having  a  definite 
elastic  limit,  or  at  any  rate  one  for  which  the  stress  varies  direct- 
ly as  the  deformation  for  at  best  only  a  small  part  of  the  ultimate 
strength  of  the  material,  a  different  consideration  must  be  given. 
For  such  materials,  the  effect  of  lack  of  uniformity  of  the  mater- 
ial, the  effect  of  increased  deformation,  of  repetitive  loading,  of 
time,  and  of  other  factors  must  be  considered. 

But  there  are  other  considerations  which  go  to  confine  the 
working  stress,  particularly  in  concrete,  to  the  low  value  usually 
assumed.  Sometimes  the  stress  is  made  low  to  allow  for  a  pos- 
sibly greater  load  than  that  assumed,  or  for  a  load  applied  other 
than  statically.  Even  if  the  assumed  load  has  the  correct  total 
amount,  the  following  items  may  be  said  to  influence  the  choice  of 
a  lower  working  stress:  (1)  Uneven  distribution  of  load  among 
members;  (2)  Unconsidered  stresses  due  to  settling,  variability  of 
the  material,  etc. ;  and  (3)  Variation  in  the  material  and  in  its 
fabrication. 

(1)  Even  with  a  load  of  the  amount  assumed,  the  division  of 
this  load  among  the  members  of  the  structure  may  be  uneven. 
Variations  in  stiffness,  differences  in  quality  of  adjacent  mem- 
bers due  to  inherent  variations  or  to  the  variations  which  arise 
in  such  a  material  as  concrete  during  fabrication  and  setting, 
differences  due  to  restraint  or  lack  of  restraint  at  connections, — 
all  go  to  make  the  actual  distribution  of  the  load  different  from 
its  assumed  division  among  the  members.  In  a  timber  trestle 
bridge,  the  weaker  stringer  is  generally  less  stiff  than  its  stronger 
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neighbor,  and  hence  the  poor  stringer  takes  a  smaller  share  of 
the  load  and  the  good  one  a  greater.  Even  in  steel  building  con- 
struction, differences  in  rigidity  of  connections,  modifications  made 
to  overcome  lack  of  exact  fit,  and  variations  caused  by  field  rivet- 
ing act  to  modify  the  division  of  the  load.  In  concrete  construc- 
tion the  variations  in  fabrication  and  conditions  of  setting  (e.  g. , 
in  the  beams  and  girders)  and  the  consequent  variable  effect 
on  stiffness  and  restraint  may  have  a  considerable  effect  upon 
the  division  of  the  load.  This  is  especially  true  in  the  floor, 
beams,  and  girders,  so  that  the  load  transmitted  to  a  particular  col- 
umn may  be  quite  different  from  that  assumed. 

(2)  Settling  of  the  foundation  of  one  column  more  than  of 
another  is  possible.  A  variation  in  the  shrinkage  of  adjacent 
columns  through  variation  in  conditions  attending  fabrication  or 
to  a  less  extent  in  porosity  or  stiffness  of  column  will  modify  the 
distribution  of  the  load.  Variations  in  size  also  affect  this  distri- 
bution. The  more  nearly  uniform  the  dimensions  and  physical 
properties,  the  more  nearly  regular  the  division  of  load  will  be 
and  the  higher  the  allowable  comparative  working  stress.  In  this 
respect,  steel  is  an  advantageous  building  material. 

(3)  The  values  of  physical  properties  usually  quoted  are 
average  values.  The  data  were  obtained  from  test  pieces,  some- 
times large,  frequently  small,  and  these  may  be  said  to  have 
been  made  and  tested  under  favorable  conditions.  Since  the 
members  of  a  structure  which  have  the  poorest  quality  may  have 
a  controlling  influence  upon  the  amount  of  load  to  be  carried,  if 
average  values  are  used  the  factor  must  be  greater  to  allow  for  this. 
In  other  words,  in  poorly  made  beams  or  columns  the  load  or 
stress  which  comes  on  the  piece  is  relatively  nearer  the  point  of 
failure  than  is  indicated  by  the  use  of  the  assumed  working  stress 
and  an  average  ultimate  value. 

Enough  has  been  said  to  show  that  the  assumed  stresses  are 
not  the  actual  stresses  coming  upon  the  members  of  a  structure 
and  that  the  relation  between  the  assumed  working  stress  and  the 
average  ultimate  strength  of  the  material  is  a  matter  which  should 
involve  thought  and  study.  It  may  then  be  stated  that  (a)  the 
stress  actually  brought  upon  a  member  of  a  structure  by  an  as- 
sumed loading  may  be  materially  higher  than  the  assumed  work- 
ing stress,  and  (b)  the  stress  actually  developed  in  a  member  may 
be  much  higher  comparatively  (i.  e.,  with  respect  to  its  own  ulti- 
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mate  strength)  than  even  this  increased  amount  would  indicate. 
This  goes  to  show  that  the  nature  of  the  action  of  the  material, 
including  its  stress- deformation  relation,  should  be  studied  at 
points  well  above  the  assumed  working  stress.  What  point 
should  be  fixed  upon  as  a  basic  point,  upon  which  a  working  fac- 
tor covering  uneven  distribution  of  load,  uncertainty  of  quality, 
effect  of  repetitive  loading,  etc.,  may  be  based,  will  depend  upon 
the  nature  of  the  material  and  the  conditions  of  the  structure. 
Some  discussion  of  this  subject  will  be  given  under  Formulas  for 
Plain  and  Reinforced  Concrete  Columns.  No  attempt  will  be 
made  here  to  discuss  what  the  working  factor  should  be.  Its 
value  will  depend  upon  many  conditions  which  it  will  be  impossi- 
ble to  discuss  here. 

25.  Formulas  for  Plain  and  Reinforced  Concrete  Columns. — It 
seems  hardly  necessary  to  advance  the  idea  here  that  for  concrete 
columns  used  in  ordinary  building  construction  little  attention 
need  be  given  to  the  relation  between  length  and  lateral  dimen- 
sions after  a  length  of  a  few  diameters  has  been  reached.  Text 
books  on  reinforced  concrete  contain  long  and  complicated  treat- 
ments involving  Euler's  relation  and  Rankine's  formula.  How- 
ever, columns  in  buildings  do  not  ordinarily  go  beyond,  say,  12  or 
15  diameters,  and  the  ratio  is  usually  much  less,  especially  for  the 
lower  stories.  Even  for  15  diameters  we  may  readily  conclude 
from  the  calculated  results  of  long  column  formulas  and  also  from 
the  small  lateral  deformation  found  in  the  columns  tested  that  the 
difference  in  strength  between  a  column  15  diameters  long  and 
one  5  diameters  long  is  less  than  the  variation  among  several  col- 
umns of  the  same  length.  The  same  conclusion  may  be  drawn 
from  the  set  of  tests  of  columns  of  varying  length  made  at  the 
Massachusetts  Institute  of  Technology  and  quoted  in  Buel  and 
Hill's  Reinforced  Concrete,  page  76.  For  columns  eccentrically 
loaded,  the  effect  of  any  eccentricity  is  generally  large  in  com- 
parison with  the  lateral  deflection  used  in  the  Euler  analysis,  and 
it  may  be  said  to  be  generally  independent  of  the  length  of  the 
column.  Clearly,  for  conditions  of  ordinary  design  a  formula  for 
plain  columns  or  for  columns  reinforced  with  longitudinal  rods 
need  not  include  the  ratio  of  length  to  lateral  dimension.  In  this 
discussion  only  concentric  loading  of  columns  is  considered. 

Obviously  then,  the  formula  for  plain  concrete  columns  is 
P=Ac (3) 
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where  Pis  the  load  assumed  to  be  carried,  A  is  the  area  of  the 
column  considered  (in  practice,  part  of  the  area  at  the  outside, 
sometimes  being  excluded  as  a  precaution  in  case  of  fire)  and  c  is 
the  working  stress  assumed  or  determined  by  other  considerations. 

In  columns  with  longitudinal  reinforcement,  if  we  use  P,  A, 
and  c  as  before,  and  denote  by  p  the  ratio  which  the  area  of  the 
column  bears  to  the  area  of  the  steel  reinforcement,  and  by  n  the 
ratio  between  the  stress  existing  in  the  steel  and  that  in  the  con- 
crete, the  area  of  the  steel  will  be  pA,  the  unit- stress  in  the  steel 
will  be  nc,  and  the  area  of  the  concrete  will  be  ^(1 — p).  The  to- 
tal compressive  stress  in  the  steel  will  then  be  pAnc  and  that  in 
the  concrete  Ac{l — p))-  The  formula  for  the  strength  of  the  col- 
umn may  then  be  written 

P=Ac{l—{7i—l)p) (4) 

This  ratio  is  used  rather  than  the  ratio  of  the  moduli  of  elastici- 
ty, since  the  latter  may  be  misleading.  If  we  call  the  area  of  the 
steel  A,  this  formula  may  be  put  in  the  form, 

P={A+A\n—1)  )c (5) 

It  will  be  necessary  to  select  the  value  to  be  used  for  7i  in  these 
formulas,  and  this  will  involve  a  discussion  of  the  part  of  the 
stress-deformation  field  from  which  the  basic  value  of  the  com- 
pressive strength  used  in  the  determination  of  the  working 
strength  is  to  be  taken. 

Granting  that  the  actual  stress  in  the  member  of  a  structure 
will  probably  be  considerably  greater  than  the  stress  calculated 
from  the  assumed  distribution  of  the  load,  by  reason  of  such 
agencies  as  have  been  discussed,  and  also  that  for  members  which 
are  weaker  than  their  neighbors  the  stress-deformation  point  de- 
veloped will  be  relatively  nearer  the  point  of  failure  and  hence 
farther  up  the  diagram  than  the  same  stress  will  be  in  the  dia- 
gram for  an  average  test  piece,  and  considering  further  that  an 
additional  allowance  must  be  made  for  contingencies  or  emer- 
gencies, it  is  apparent  that  the  field  for  this  basic  value  of  the 
compressive  strength  will  be  well  along  on  the  stress -deformation 
diagram.  Obviously  the  extreme  variability  of  concrete  near  the 
point  of  failure  rules  out  values  near  the  ultimate  strength,  even 
if  other  considerations  do  not.  In  all  the  field  near  the  point  of 
failure,  too,  the  deformations  are  large,  and  repetition  of  loading 
increases  them  rapidly.  The  time  effect  of  a  permanent  load  is 
also  large.      It  would  seem  that  a  stress  greater  than  that  which 
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gives  a  deformation  equal  to  one-half  of  the  ultimate  deformation 
of  the  concrete,  {g=^),  is  as  large  as  may  properly  be  taken  as  a 
basic  value,  even  if  the  contingency  of  ever  having  such  a  stress  in 
the  member  is  very  remote  and  then  only  temporary  and  not  to  be 
repeated.  The  stress  corresponding  to  this  deformation  point  is  by 
the  parabolic  relation  three-fourths  of  the  ultimate  strength  of 
the  concrete.  This  is  not  far  from  the  basis  adopted  by  Captain 
Sewell,  eight-tenths  of  the  ultimate  strength,  in  his  admirable 
paper  on  Reinforced  Concrete  Floor  Systems  in  the  Transactions 
of  the  American  Society  of  Civil  Engineers,  Vol.  56.  For  many 
conditions  of  fabrication  or  of  application  of  the  load,  a  lower 
point  in  the  diagram  should  be  chosen,  or  the  factor  of  safety 
increased.  If  we  select  the  half-way  point  in  the  stress-deform- 
ation diagram  {q=h  and  c=lc' ),  for  the  basic  value,  the  next  step 
will  be  to  choose  the  working  factor,  to  cover  the  effect  of  rep- 
etition of  stress,  uncertainty  of  distribution  of  assumed  load, 
variation  in  quality  of  material  and  construction,  and  other  uncer- 
tainties and  contingencies.  It  should  be  noted  that  this  discus- 
sion is  more  particularly  applicable  to  columns,  since  in  beams 
with  the  amount  of  reinforcement  ordinarily  used  the  beam  will 
fa;,il  through  tension  in  the  steel  or  by  web  stresses  and  not  by 
compression  of  the  concrete. 

In  the  formula  for  reinforced  concrete  columns  an  important 
factor  is  the  ratio  of  the  stress  in  the  steel  to  the  stress  in  the 
concrete,  called  n  in  this  discussion.  This  ratio  is  a  variable  one, 
depending  upon  the  amount  of  deformation  developed.  To  call  it 
the  ratio  of  the  moduli  of  elasticity  is  indefinite  and  undesirable. 
If  we  assume  the  parabolic  stress- deformation  relation,  it  may  be 
shown  that  this  ratio  is 

^  =  _J__    ^ (6) 

where  Es  is  the  modulus  of  elasticity  of  the  steel,  Ec  is  the  initial 
modulus  of  elasticity  of  the  concrete,  and  q  is  the  ratio  of  the  de- 
formation at  the  load  under  consideration  to  the  ultimate  de- 
formation (vertex  of  the  parabola).  For  low  loads,  n  will  not  dif- 
fer far  from  the  ratio  of  the  two  moduli  used  above.  At  the  four 
points  noted  on  the  stress- deformation  diagrams  it  will  be  as  fol- 
lows: for  q  =  -6",  TT  times  the  initial  ratio  given  above;  for  g^i, 
f  times  the  initial  ratio;  for  q  =  i,  f  times  the  initial  ratio;  and  for 
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(/  =  1,  2  times  the  initial  ratio.  Fov  E^  =2,500,000,  the  initial 
value  of  n  is  12,  and  it  becomes  16  and  24  for  the  half-way  deform- 
ation and  the  ultim.ate  strength,  respectively.  For -Ef^  2,000, - 
000,  the  values  of  n  for  the  same  points  are  15,  20,  and  30.  It  is 
seen  that  n  rapidly  increases  at  the  higher  deformations. 

Values  of  n  have  been  determined  from  the  observed  deform- 
ations, counting  the  division  of  stress  between  the  concrete  and 
the  steel  to  be  according  to  the  analysis  heretofore  given,  and  re- 
sults for  both  the  University  of  Illinois  tests  and  the  Watertown 
Arsenal  data  are  given  in  Table  12.     <  represents  the  unit  deform- 

TABLE  12. 

Eatio  of  Stress  in  Steel,  to  Stress  in  Concrete. 

Values  of  n. 

Cp  =unit  deformation  at  the  maximum  compressive  stress  in  the  concrete. 


Col. 
-So. 

AbO 

At  i-  < 

Abi< 

At  i  Cc 

At  £c 

Remarks 

1 

11.7 

12.2 

13.7 

16.0 

24.8 

U .  of  I .  tests. 

2 

12.9 

13.9 

14.9 

17.8 

25.7 

3 

12.8 

13.2 

14.2 

17.4 

26.4 

6 

14.. S 

15.5 

16.4 

19.6 

29.0 

7 

11.7 

13.1 

13.7 

15.5 

23.8 

_  10 

16.7 

17.3 

18.6 

23.0 

33.9 

One  rod  on  bearing  plate. 

11 

12.3 

12.3 

13.4 

16.2 

24.7 

12 

12.0 

12.7 

13.3 

16.0 

24.2 

14 

15.0 

14.8 

16.5 

20.0 

29.4 

Rods  on  plaster. 

16 

15.8 

16.0 

17.3 

21.2 

32.2 

17 

15.8 

20.4 

20.0 

20.1 

27.2 

Ay. 

13.7 

14.7 

15.6 

18.4 

27.3 

1579 

9.4 

9.4 

10.8 

12.6 

18.5 

Watertown  tests. 

1580 

15.0 

17.5 

17.5 

19.6 

29.2 

1581 

13.6 

15.4 

15.9 

18.4 

28.1 

1582 

13.1 

16.0 

15.9 

17.9 

25.6 

1584 

10.7 

11.4 

12.7 

14.9 

21.4 

1585 

13.6 

16.5 

16.8 

19.0 

27.1 

Av. 

12.6 

14.4 

14.9 

17.1 

25.0 

ation  at  the  point  of  maximum  stress  in  the  concrete  (corre- 
sponding to  abscissa  of  vertex  of  parabola).  The  same  values  are 
given  in  Fig.  12,  the  dots  representing  University  of  Illinois  re- 
sults and  the  crosses  Watertown  Arsenal  values.     The  lines  de- 
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note  average  values.  In  both  Table  12  and  Fig.  12,  the  value  at 
the  initial  loading  (^/  =  0)  is  taken  from  the  ratio  for  the  initial 
modulus  of  elasticity  for  the  column  under  consideration.  It  will 
be  seen  that  the  values  range  from  11.7  in  one  case  for  initial  load 
to  34  in  another  at  ultimate  load. 

If  we  assume  that  a  concrete  stronger  than  the  average  has  a 
modulus  of  elasticity  higher  than  the  average,  and  that  a  weaker 
concrete  has  a  smaller  modulus,  then  the  selection  of  a  value  otn 
higher  than  the  average  for  use  in  design  may  be  defended,  for  if 
a  given  column  is  made  of  concrete  poorer  than  the  average  the 
steel  by  virtue  of  the  low  modulus  of  elasticity  of  the  concrete  in 
which  it  is  embedded  will  have  a  greater  stress  thrown  upon  it 
than  is  indicated  by  an  average  value  of  n,  and  a  column  made 
better  than  the  average  will  be  capable  of  taking  a  grt~'ater  load 
than  thajt  calculated  with  an  average  value  of  n.  At  least,  it 
would  seem  logical  to  choose  a  value  higher  than  the  average 


II 

Fig.  12.    Values  of  n. 
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value  rather  than  a  lower  value. 

If  we  take  the  half-way  deformation  (g  =  i)  as  the  point  for 
determining  our  basic  value  for  working  factor  and  working  stress, 
the  average  values  of  n  in  Table  12,  18.4  and  17.1,  respectively, 
may  serve  as  a  guide  for  the  value  to  be  chosen  for  equation  (4). 
For  concrete  of  the  character  used  in  the'  tests,  it  would  seem 
then,  that  17  and  18  may  be  considered  average  values  for  n,  and 
that  values  even  higher  than  these,  say,  18  to  21,  may  properly 
be  selected. 
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It  may  be  added  that  the  value  of  n  to  be  used  for  a  given 
concrete  will  depend  upon  its  density  and  stiffness.  For  a  very 
rich  concrete,  not  only  will  the  initial  modulus  of  elasticity  be 
higher,  but  the  deformation  at  maximum  strength  (abscissa  of 
vertex  of  parabola)  will  be  less.  As  a  consequence  of  both  of 
these  changes  the  ratio  n  will  be  less  for  very  rich  concrete  than 
for  the  test  columns  here  considered.  On  the  contrary,  for  lean 
concrete,  the  initial  modulus  of  elasticity  will  be  lower  and  the 
deformation  at  maximum  stress  higher,  and  therefore  the  ratio  n 
will  be  higher  than  the  values  here  given. 

26.  Discussion  of  Columns  in  Building  Construction — It  may  be 
well  to  call  attention  to  some  of  the  reasons  why  columns  may  be 
a  weak  point  in  reinforced  concrete  construction  and  to  offer  a 
word  of  caution  concerning  their  construction.  The  conditions  of 
column  construction  as  ordinarily  carried  on  in  building  operations 
give  little  chance  for  efficient  inspection,  and  there  is  abundant 
opportunity  for  great  variation  in  the  concrete,  since  the  work  is 
out  of  sight  and  the  mixture  of  the  material  and  the  tamping  or 
stirring  will  be  far  from  uniform,  much  less  uniform  than  in  the 
test  columns  herein  described.  Even  in  test  columns  the  poorer 
columns  carried  low  ultimate  loads.  If,  in  addition  to  these  con- 
siderations, the  possible  uneven  distribution  of  the  assumed  load 
due  to  settlement,  shrinkage,  and  uneven  stiffness  of  the  floor  sys^ 
tem  be  also  taken  into  account,  the  need  for  using  low  working 
stresses  and  careful  construction  ought  tcTbe  apparent.  Evidently 
a  fairly  rich  concrete  made  of  a  high  grade  of  cement  should  be 
used.  It  is  not  improbable  that  in  many  buildings  the  working 
stresses  used  are  too  high  for  the  concrete  actually  put  into  the 
columns.  Besides,  it  must  always  be  borne  in  mind  that  the 
strength  obtained  from  test  cubes  may  not  be  taken  as  represent- 
ing the  strength  of  a  column.  It  is  probable  that  many  engineers 
have  been  misled  by  high  values  obtained  on  test  cubes.  Again, 
great  caution  should  be  used  in  the  time  allowance  for  removing 
the  forms,  particularly  in  cool  weather,  for  the  concrete  in  the 
olumns  should  be  fairly  well  set  before  much  of  a  load  is  allowed 
on  it.  A  method  of  construction  should  be  selected  which  will 
not  bring  weight  upon  the  columns  until  the  forms  are  removed, 
and  the  concrete  is  thoroughly  set.  It  is  fortunate  that  the  con- 
crete continues  to  gain  in  strength  for  a  considerable  time,  although 
this  advantage  is  counteracted  in  a  structure  to  some  extent  by  the 
injury  to  the  concrete  caused  by  early  application  of  the  load. 
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Both  plain  and  reinforced  concrete  columns  take  up  consider- 
able room,  particularly  on  the  lower  floors  of  a  building,  A 
richer  concrete  will  permit  a  reduction  in  the  area  occupied.  The 
large  size  of  the  columns  makes  the  eifect  of  eccentricity  of  load- 
ing smaller  than  it  would  be  otherwise.  Columns  of  hooped  con- 
crete have  been  used  as  a  means  of  reducing  the  cross  section.  It 
is  hoped  that  the  investigation  of  hooped  columns  now  in  pro- 
gress at  the  University  of  Illinois  will  throw  some  light  on  this 
allied  subject. 

27.  Summary. — Parts  of  this  discussion  may  be  summarized 
as  follows: 

1.  In  discussions  involving  the  strength  and  stiffness  of  con- 
crete, the  variability  of  the  concrete  must  be  taken  into  consider- 
ation. Test  columns  made  with  care  to  secure  uniformity  of  con- 
ditions show  considerable  diversity  in  quality.  An  even  greater 
variation  in  character  must  be  expected  under  the  conditions  of 
ordinary  building  construction. 

2.  Cubes  and  other  small  test  specimens  are  made  under 
conditions  which  give  a  stronger  and  denser  concrete  than  is  gen- 
erally found  in  full-sized  pieces  in  building  work.  The  restrain- 
ing effect  of  the  bearing  plates  of  the  testing  machine  also  influ- 
ences the  results  of  cube  tests.  It  is  evident  that  the  test  pieces 
used  in  many  tests  recorded  in  engineering  publications  were 
made  with  a  quality  of  materials,  methods  of  fabrication,  and  con- 
ditions of  setting  which  are  far  more  favorable  to  high  results 
than  will  be  found  under  average  conditions  of  construction.  Cau- 
tion should  therefore  be  used  in  accepting  as  a  basis  for  design 
values  obtained  from  tests  without  knowing  fully  all  the  conditions 
accompanying  the  investigation, 

3.  The  relative  amount  of  load  taken  by  the  concrete  and  by 
the  steel,  in  columns  with  longitudinal  reinforcement,  may  be  de- 
termined by  means  of  the  observed  relation  between  loads  and 
deformations  under  the  assumption  that  the  stress  in  the  steel  re- 
inforcement is  proportional  to  the  deformation  in  the  column.  It 
is  assumed  that  the  bond  between  the  steel  and  the  concrete  is 
adequate.  This  method  forms  an  efficient  means  for  discussing 
the  relative  stresses  in  steel  and  concrete.  ■ 

4.  By  the  method  of  analysis  used,  the  average  maximum 
stress  in  the  concrete  for  the  reinforced  columns  tested  is  found 
to  be  15%  less  than  the  average  for  the  plain  concrete  columns. 
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While  uliis  may  not  be  taken  as  a  final  or  representative  conclu- 
sion, since  it  may  be  merely  incidental  to  the  columns  used  or  the 
method  of  testing,  it  is  at  least  an  added  reason  for  caution  in 
choosing  working  stresses  for  this  form  of  construction.  The 
average  total  load  taken  by  the  reinforced  columns,  it  should  be 
understood,  was  considerably  higher  than  the  average  for  the 
unreinforced  columns. 

5.  The  plotted  diagrams  representing  the  loads  or  stresses 
in  the  columns  and  the  corresponding  deformations  or  shorten- 
ings, (stress- deformation  diagrams),  show  a  variable  relation 
which  is  well  expressed  by  the  parabola.  The  tangent  to  the 
parabola  at  the  point  of  zero  load  represents  by  its  slope  the  in- 
itial modulus  of  elasticity  of  the  concrete,  and  forms  a  convenient 
basis  for  an  expression  for  the  variable  relation  between  stress 
and  deformation.  It  should  not  be  inferred  that  this  relation  is 
generally  applicable  to  very  rich  or  very  lean  concrete.  The 
"Line  for  steel"  in  the  diagrams  for  reinforced  columns  is  helpful 
in  determining  the  stress  taken  by  the  concrete  and  by  the  steel. 

6.  Gross  (total)  deformations  and  not  net  (elastic)  deform- 
ations are  used,  since  in  the  application  of  the  stress-deformation 
relation  to  columns  and  beams  gross  deformations  will,  under  the 
hypotheses  ordinarily  accepted,  enable  the  stress  in  the  steel  to 
be  determined,  and  net  values  will  not. 

7.  The  fact  that  during  the  operation  of  releasing  a  load  the 
stress-deformation  diagram  does  not  follow  the  parabola  but  takes 
a  course  which  approximates  a  straight  line,  is  not  a  valid  reason 
for  not  accepting  the  parabolic  relation  in  the  analysis  of  beam 
and  column  action.  When  a  beam  has  been  loaded  up  to  a  given 
load,  the  area  of  the  part  of  a  section  above  the  neutral  axis  is  in 
compression,  and  no  point  of  this  section  has  been  strained  beyond 
the  amount  then  developed  at  that  point,  each  point  having  the 
highest  stress  which  has  come  upon  it.  The  effect  of  repeating  a 
load  on  a  beam  in  progressively  increasing  amounts  is  to  increase 
all  the  deformations  in  the  section,  but  the  resulting  curve  will 
still  resemble  the  parabola,  and  the  resulting  initial  modulus  of 
elasticity  will  have  a  smaller  value  than  that  found  for  the  first 
application  of  loads. 

8.  The  Watertown  Arsenal  tests  of  columns  of  compo- 
sition similar  to  the  University  of  Illinois  columns  are  comparable 
in  strength  and  stiffness  and  in  the  form  of  stress-deformation 
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diagram  and  tend  to  confirm  the  results  and  conclusions  of  the 
University  of  Illinois  tests.  The  average  maximum  com- 
pressive stress  taken  by  the  concrete  in  the  Watertown  Arsenal 
columns  was  1590  lb.  per  sq.  in.  In  the  University  of  Illinois  col- 
umns it  was  1550  lb.  per  sq.  in.  for  the  plain  columns  and  1290  lb. 
per  sq.  in.  for  the  reinforced  columns. 

9.  The  average  value  of  the  initial  modulus  of  elasticity  given 
for  the  University  of  Illinois  columns,  2,250,000  lb.  per  sq.  in., 
and  that  for  the  Watertown  Arsenal  columns,  2,500,000  lb.  per 
sq.  in. ,  may  be  considered  tentative  values  for  1-2-4  concrete  of  the 
kind  described  for  use  at  an  age  of  60  to  105  days  and  first  appli- 
cation of  load.  Age  will  increase  the  modulus  and  repetition  de- 
crease it.  What  the  combined  effect  of  these  two  agencies  will 
be  is  not  known,  but  it  will  vary  with  the  conditions  of  materials 
and  number  of  repetitions  and  also  with  the  age  at  which  loads 
are  first  applied.  When  a  constant  modulus  of  elasticity  (straight- 
line  relation)  is  used,  the  value  chosen  should  be  less  than  that 
for  the  initial  modulus  here  given.  The  high  values  of  modulus 
of  elasticity  frequently  quoted  are  doubtless  due  to  shortness  of 
-length  of  test  piece,  high  quality  in  the  test  pieces  used,  use  of 
elastic  deformation,  etc.  The  quality  of  the  aggregate,  as  well 
as  of  the  cement  used  in  making  test  pieces,  may  not  always  be 
representative  of  that  used  in  building  operations. 

.10.  The  proper  basis  for  working  factor  and  working  stress 
for  use  in  designing  with  any  given  material  and  form  of  con- 
struction is  of  much  more  importance  than  is  usually  given  to  it. 
The  conditions  of  loading,  of  transmission  and  distribution  of  load, 
of  variation  in  fabrication  and  construction,  all  act  to  make  the 
stress  actually  developed  in  a  member  of  a  structure  greater  than 
the  assumed  working  stress.  For  steel  the  real  basic  point  is  the 
elastic  limit  or  yield  point.  For  concrete  this  basic  point  may 
well  be  considerably  below  its  ultimate  strength.  The  choice  of 
a  value  corresponding  to  a  deformation  equal  to  one-half  of  the 
deformation  at  point  of  failure  is  suggested.  This,  by  the  para- 
bolic relation,  is  equal  to  three-fourths  of  the  ultimate  strength. 
Having  selected  a  basic  point,  a  working  factor  to  obtain  the 
working  stress  will  then  be  chosen  to  cover  contingencies  and 
emergencies  and  the  variations  in  distribution  of  load,  quality  of 
materials,  method  of  fabrication,  nature  of  load  and  its  manner 
of  application,  etc.     The  range  in  the  values  for  the  working  fac- 
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tor  which  may  be  used  under  the  various  conditions  of  repetition 
of  load,  workmanship  and  material,  is  of  course  much  greater 
with  concrete  than  will  be  necessary  with  such  a  material  as  mild 
steel. 

11.  The  ratio  between  the  amount  of  stress  taken  by  the  steel 
and  that  taken  by  the  concrete  in  columns  reinforced  with  longi- 
tudinal rods- varies  as  the  load  is  increased,  as  may  be  expected 
from  the  variable  stress-deformation  relation  of  the  concrete.  In 
these  tests  this  ratio  varied  from  12  at  the  initial  application  of 
the  load  in  one  column  to  34  at  the  maximum  strength  of  the  con- 
crete in  another.  For  the  average  initial  modulus  of  elasticity  of 
the  concrete,  the  range  is  from  13i  at  the  zero  load  to  26f  at  the 
ultimate.  For  very  rich  concrete  the  effect  of  the  additional  stiff- 
ness and  the  lower  final  deformation  is  to  decrease  the  ratio  n, 
and  for  lean  concrete  the  smaller  modulus  and  greater  final  defor- 
mation will  make  it  larger. 

12.  If  we  choose  the  half-way  deformation  for  our  basic 
point,  the  value  for  the  ratio  of  stress  in  steel  to  stress  in  concrete 
may,  from  the  two  sets  of  experiments,  be  taken  as  17  to  18  for 
1-2-4  concrete  of  the  quality  used  in  the  tests.  However,  this 
ratio  may  properly  be  taken  to  be  even  higher  than  an  average 
value,  since  for  columns  weaker  than  the  average  column  the  ratio 
may  be  expected  to  be  higher  than  the  average  value  and  hence 
to  fit  the  conditions  of  such  columns  better,  while  for  columns 
stronger  than  the  average  the  added  strength  of  the  concrete 
will  go  to  make  up  for  the  overestimated  stress  in  the  steel.  For 
this  assumption,  18  to  21  may  be  used. 

13.  Under  the  conditions  of  building  construction,  columns 
may  form  a  weak  element  in  the  structure.  To  overcome  this,  the 
working  stresses  should  be  kept  low  and  every  precaution  taken 
to  secure  proper  materials,  workmanlike  fabrication,  and  efficient 
inspection. 
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Publications  op  The  Engineering  Experiment  Station 


Bulletin  No.  1.  Tests  of  Reinforced  Concrete  Beams,  by 
Arthur  N.  Talbot.     1904. 

Circular  No.  1.  High  Speed  Tool  Steels,  by  L.  P.  Brecken- 
ridge.     1905. 

Bulletin  No.  2.  Tests  of  High-Speed  Tool  Steels  on  Cast  Iron, 
by  L.  P.  Breckenridge  and  Henry  B.  Dirks.     1905. 

Circular  No.  2.  Drainage  of  Earth  Roads,  by  Ira  O.  Baker. 
1906. 

Bulletin  No.  3.  The  Engineering  Experiment  Station  of  the 
University  of  Illinois,  by  L.  P.  Breckenridge.     1906. 

Bulletin  No.  J^.  Tests  of  Reinforced  Concrete  Beams,  Series 
of  1905,  by  Arthur  N.  Talbot.     1906. 

Bulletin  No.  5.  Resistance  of  Tubes  to  Collapse,  by  Albert  P. 
Carman.     1906. 

Bulletin  No.  6.  Holding  Power  of  Railroad  Spikes,  by  Roy  I. 
Webber      1 906. 

^..  Yo.  7.     Fuel    Tests   with   Illinois   Coals,    by   L.    P. 

Breckenridge,  S.  W.  Parr  and  Henry  B.  Dirks.     1906. 

Bulletin  No.  8.  Tests  of  Concrete:  I.  Shear;  II.  Bond,  by 
Arthur  N.  Talbot.     1906. 

Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  System 
of  Classification  Applied  to  the  Engineering  Industries,  by  L.  P. 
Breckenridge  and  G.  A.  Goodenough.     1906. 

Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concrete 
Columns,  Series  of  1906,  by  Arthur  N.  Talbot.     1907. 

Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of 
Heat  through  Locomotive  Boiler  Tubes,  by  Edward  C.  Schmidt 
and  John  M.  Snodgrass.     1907.     (In  press). 

Bulletin  No.  12.  Tests  of  Reinforced ,  Concrete  T-beams, 
Series  of  1906,  by  Arthur  N.  Talbot.     1907. 
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